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AX ALh_P.l*hAPL
ZmMimK E2v /Bbi`B#miBQM UZE.V (R- k) Bb QM2 Q7 i?2
KQbi BKTQ`iMi M/ T`+iB+H TTHB+iBQMb Q7 [mMimK
BM7Q`KiBQM T`Q+2bbBM;X Ai ?b H`2/v #22M K/2 +QK@
K2`+BHHv pBH#H2 M/ ?b /2THQv2/ BM i2bi M/ T`Q/m+@
iBQM 2MpB`QMK2MibX ZE. HHQrb irQ `2KQi2 T`iB2b HB+2
M/ "Q#- iQ 2bi#HBb?  b2+`2i F2v Qp2`  Tm#HB+ [mMimK
+?MM2H- bbBbi2/ #v  +HbbB+H +QKKmMB+iBQM +?MM2HX
ZE. b2+m`Biv +M MQi#Hv #2 ;m`Mi22/ 2p2M ;BMbi
+QKTmiiBQMHHv mM#QmM/2/ /p2`b`B2b- KFBM; ZE.
i?2 QMHv pBH#H2 BM7Q`KiBQM@i?2Q`2iB+ b2+m`2 F2v 2b@
i#HBb?K2Mi b+?2K2 T`+iB+HHv pBH#H2 iQ /i2- #2vQM/
i?2 mb2 Q7 T?vbB+HHv@T`Qi2+i2/ b2+`2i +Qm`B2`bX ZE.
BM7Q`KiBQM@i?2Q`2iB+ b2+m`Biv Bb ?Qr2p2` `2HB2b QM bQK2
KBMBKH b2i Q7 bbmKTiBQMb, HB+2 M/ "Q# H#b- r?2`2
b2+`2i BM7Q`KiBQM Bb biQ`2/ M/ T`Q+2bb2/- b?QmH/ MQi
H2F i?Bb BM7Q`KiBQM iQ i?2 QmibB/2 rQ`H/- KQ`2Qp2`- H@
B+2 M/ "Q# ?`/r`2 UHb2`- KQ/mHiQ`b- /2i2+iQ`bV `2
bmTTQb2/ iQ #2?p2 Ui H2bi TT`QtBKi2HvV ++Q`/BM; iQ
M #bi`+i2/ KQ/2H- i?i i?2M HHQrb iQ T`QQ7 i?2Q`2iB+H
b2+m`BivX >Qr2p2`- BM T`+iB+2- i?2 `2H@rQ`H/ ZE. BK@
TH2K2MiiBQMb MQi +i 2t+iHv p2`B7v i?2 7Q`2K2MiBQM2/
bbmKTiBQMb M/ bm+? /2pBiBQMb Kv H2/ iQ pmHM2`#BHB@
iB2b M/ 2M#H2 M 2p2b/`QTT2`- 1p2- iQ HmM+? bQ@+HH2/
bB/2 +?MM2H ii+Fb M/ #`2F i?2 b2+m`Biv Q7 T`+iB+H
ZE. /2pB+2bX
AM /Bb+`2i2@p`B#H2 U.oV ZE.- bBM;H2 T?QiQM /2i2+@
iQ` UaS.V Bb i?2 KQbi 2tTQb2/ /2pB+2- 7`QK i?2 BKTH2@
K2MiiBQM b2+m`Biv pB2rTQBMi- M/ b2p2`H ii+F bi`i2@
;B2b ?p2 #22M T`QTQb2/ iQ 2tTHQBi aS. pmHM2`#BHBiB2b
M/ ii+F .o@ZE. BKTH2K2MiiBQMbX ii+Fb bm+?
∗ [BM?Q!+b[mMimKM2iX+QK
b iBK2 b?B7i (j- 9)- 7i2` ;i2 (8)- #HBM/BM; (e)- bT@
iBH KQ/2 KBbKi+? (d) ii+Fb M/ 2i+X Kv HH H2/
iQ b2+m`Biv #`2+?X KQM; i?Qb2 ii+Fb- i?2 #HBM/@
BM; ii+F Bb T`Q##Hv +QMbB/2`2/ b i?2 KQbi TQr2`@
7mH ii+F- b i?Bb ii+F bi`i2;v HHQrb 1p2 iQ +iBp2Hv
+QMi`QH "Q#Ƕb aS. `2KQi2Hv- mbBM; BMi2Mb2 HB;?iX am+?
FBM/ Q7 ii+F ?b #22M 2tT2`BK2MiHHv /2KQMbi`i2/ QM
+QKK2`+BH ZE. bvbi2Kb (3) M/ BM  7mHH@}2H/ /2THQv@
K2Mi (N)X o`BQmb +QmMi2`K2bm`2b (Ry- RR) ?p2 #22M
T`QTQb2/ ;BMbi /2i2+iQ`@#b2/ ii+FbX >Qr2p2` QMHv
K2bm`2K2Mi@/2pB+2@BM/2T2M/2Mi UJ.AV ZE. (Rk- Rj)-
BX2X ZE. T`QiQ+QHb r?2`2 b2+m`Biv +M #2 2bi#HBb?2/
rBi?Qmi i`mbiBM; i?2 /2i2+iQ`- +M }`KHv /2KQMbi`i2 iQ
#2 BKKmM2 ;BMbi i?2b2 ii+Fb i`;2iBM; aS.bX
*QMiBMmQmb@p`B#H2 ZE. U*o@ZE.V (R9)- Bb MQi?2`
T`QKBbBM; TT`Q+? iQ T2`7Q`K [mMimK F2v /Bbi`B#m@
iBQMX Ai `2HB2b QM +QMiBMmQmb KQ/mHiBQM Q7 i?2 HB;?i }2H/
[m/`im`2b M/ K2bm`2K2Mib rBi? +Q?2`2Mi /2i2+iBQM
U?QKQ/vM2 Q` ?2i2`Q/vM2 /2i2+iQ`bV BMbi2/ Q7 aS.b BM
.o@ZE. bvbi2KX "2M2}iBM; 7`QK +Q?2`2Mi /2i2+iBQM-
*o@ZE. +M #2 7mHHv BKTH2K2Mi2/ rBi? Qz@i?2@b?2H7 QT@
iB+H +QKKmMB+iBQM +QKTQM2Mib (R8ĜRd)X JQ`2Qp2`- i?2
HQ+H Qb+BHHiQ` UGPV BM i?2 +Q?2`2Mi /2i2+iBQM +ib b 
Ǵ#mBHi@BMǴ }Hi2` iQ 2{+B2MiHv `2KQp2 Mv MQBb2 T?QiQMb BM
/Bz2`2Mi KQ/2b- r?B+? 2M#H2 *o@ZE. iQ #2 /2THQv2/
BM +Q@2tBbi2M+2 rBi? BMi2Mb2 +HbbB+H +?MM2Hb Qp2` QTiB@
+H M2irQ`Fb (R3) M/ iQ #2 TQbbB#Hv BKTH2K2Mi2/ BM /v
HB;?i 7`22 bT+2 2MpB`QMK2MibX *o@ZE. T`+iB+H BKTH2@
K2MiiBQMb ?Qr2p2` HbQ bmz2` 7`QK TQi2MiBH pmHM2`@
#BHBiB2bX 6Q` 2tKTH2 GP KMBTmHiBQM Bb  HQM; biM/BM;
b2+m`Biv T`Q#H2K, B7 GP Bb b2Mi QM i?2 Tm#HB+ +?MM2H-
i?2M M ii+F2` +M KQ/B7v GP TmHb2b BM /Bz2`2Mi rvb
(RNĜkj) M/ H2`M b2+`2i F2vb rBi?Qmi #2BM; /Bb+Qp2`2/X 
;2M2`B+ bQHmiBQM iQ i?Bb Bbbm2 ?b ?Qr2p2` #22M `2+2MiHv
T`QTQb2/, #v ;2M2`iBM; HQ+HHv i?2 GP UGGPV TmHb2b
i "Q# bB/2 (k9Ĝkd)X _2;`/BM; i?2 ?QKQ/vM2 /2i2+iBQM
k
U>.V- r?B+? Bb  +2Mi`H +QKTQM2Mi BM *o@ZE.- Bi ?b
#22M b?QrM BM (k3- kN)- mM/2` i?2 MK2 ǳbim`iBQM i@
i+FǴ i?i >. bim`iBQM +M #2 BM/m+2/ #v M ii+F2`
M/ 2tTHQBi2/ iQ HmM+? ii+Fb i?i +M 7mHHv #`2F *o@
ZE. b2+m`BivX JQ`2 T`2+Bb2Hv Bi ?b #22M b?QrM i?i >.
bim`iBQM BM/m+2/ #v  +Q?2`2Mi /BbTH+2K2Mi +M #Bb
i?2 2t+2bb MQBb2 2biBKiBQM M/ +QM+2H i?2 T`2b2M+2 Q7
M 2p2b/`QTT2`- T2`7Q`KBM; BMi2`+2Ti@`2b2M/ ii+F QM
i?2 bB;MHb b2Mi #v HB+2X >Qr2p2`- +Q?2`2MiHv /BbTH+BM;
i?2 bB;MH b2Mi #v HB+2- rBi?Qmi //BM; /2i2+i#H2 2t+2bb
MQBb2 Bb ?B;?Hv +?HH2M;BM;- KFBM; i?Bb ii+F bi`i2;v
/B{+mHi iQ BKTH2K2Mi BM T`+iB+2X
AM i?Bb TT2`- BMbTB`2/ #v i?2 #HBM/BM; ii+F BM .o@
ZE.- r2 T`QTQb2  bBKTH2 M/ T`+iB+H rv iQ bim`i2
 ?QKQ/vM2 /2i2+iQ` rBi? }MBi2 HBM2` /2i2+iBQM `M;2X
h?2 ii+F 2tTHQBib i?2 HQbb BK#HM+2 Q7 i?2 irQ TQ`ib- BM
 #HM+2/ >. M/ +QMbBbib BM b2M/BM;  #`B;?i TmHb2 QMiQ
i?2 bB;MH TQ`i- iQ BM/m+2 2H2+i`QMB+ bim`iBQMX am+?
HQbb BK#HM+2 Bb [mBi2 ;2M2`B+ iQ Mv >. BKTH2K2Mi@
iBQM, i?2 irQ T?QiQ/BQ/2b [mMimK 2{+B2M+B2b b r2HH
b i?2 #2K@bTHBii2` `2~2+iBQMfi`MbKBiiM+2 +Q2{+B2Mib
`2 M2p2` T2`72+iHv #HM+2/X h?Bb BKTHB2b i?2 M22/ 7Q`
//BiBQMH #HM+BM;- i?i Bb BM ;2M2`H 2Mbm`2/ #v BMi`Q@
/m+BM; bQK2 p`B#H2 ii2MmiBQM BM QM2 Q7 i?2 QTiB+H
`KbX am+? #HM+BM; Kmbi #2 /QM2 rBi? T`2+BbBQM rBi?
`2bT2+i iQ i?2 GP TQ`i- bBM+2 GP TmHb2b `2 BMi2Mb2X "mi
b  +QMb2[m2M+2-  ;QQ/ #HM+BM; BM T`+iB+2 +MMQi-
BM `2im`M- #2 ;m`Mi22/ rBi? `2bT2+i iQ i?2 Qi?2` TQ`i-
BX2X i?2 bB;MH TQ`iX b  +QMb2[m2M+2- Mv `2HiBp2Hv
bi`QM; HB;?i BKTBM;BM; QM i?2 bB;MH TQ`i rBHH T`Q/m+2 
+QKT`iBp2Hv bi`QM;2` T?QiQ+m``2Mi QM QM2 Q7 i?2 >.
T?QiQ/2i2+iQ`b- r?B+? rBHH 7m`i?2` +mb2 >.Ƕb KTHB}2`
2H2+i`QMB+ bim`iBQMX
.m2 iQ >. bim`iBQM- "Q#Ƕb >. QmiTmi bB;MHb `2
HBKBi2/ rBi?BM bQK2 }MBi2 `M;2X h?Bb ?Qr2p2` pBQHi2b
 #bB+ bbmKTiBQM ;2M2`HHv mb2/ BM *o@ZE. b2+m`Biv
T`QQ7, HBM2`Biv- MK2Hv i?i "Q#Ƕb >. QmiTmi bB;MH Bb
bmTTQb2/ iQ #2 HBM2`Hv T`QTQ`iBQMH iQ i?2 BMTmi QTiB+H
[m/`im`2bX h?2 T`BM+BTH2 Q7 i?2 #HBM/BM; ii+F r2 BM@
i`Q/m+2 ?2`2 +QMbBbib- 7Q` 1p2- iQ +iBp2Hv /`Bp2 "Q#Ƕb >.
BMiQ  bim`i2/ `2bTQMb2 KQ/2- #v b2M/BM; bi`QM; 2ti2`@
MH TmHb2b QM i?2 bB;MH TQ`iX q2 rBHH b?Qr i?i bm+?
KMBTmHiBQM +M #2 mb2/ iQ `2/m+2 i?2 2biBKi2/ 2t+2bb
MQBb2- mM/2` +2`iBM +QM/BiBQMbX JQ`2 T`2+Bb2Hv- r2 rBHH
b?Qr i?i +QK#BMBM; i?2 b2M/BM; Q7 bi`QM; HB;?i TmHb2b iQ
"Q#- rBi?  7mHH BMi2`+2Ti@`2b2M/ ii+F- 1p2 +M #`2F
i?2 b2+m`Biv Q7 i?2 rB/2Hv mb2/ :mbbBM JQ/mHi2/ *Q@
?2`2Mi aii2 U:J*aV *o@ZE. T`QiQ+QH (jy- jR)X q2 rBHH
MHvx2 i?2 +QM/BiBQMb bm+? i?i 1p2 +M +?B2p2  7mHH
b2+m`Biv #`2F- BHHmbi`iBM; i?i i?Bb ii+F +M #2 BKTH2@
K2Mi2/ rBi? +m``2Mi i2+?MQHQ;B2b M/  HQr@+QKTH2tBiv
2tT2`BK2MiH bvbi2KX AKTQ`iMiHv- Qm` ii+F QMHv i`@
;2ib QM i?2 >. r?B+? K2Mb 2p2M i?2 `2+2Mi T`QTQb2/
GGP *o@ZE. b+?2K2 Bb MQi BKKmM2 iQ i?Bb ii+F B7
MQ +QmMi2`K2bm`2 Bb +QMbB/2`2/X h?Bb ?B;?HB;?ib i?i
/2i2+iQ` HQQT?QH2b HbQ 2tBbi BM *o@ZE. M/ +M TQi2M@
iBHHv z2+i HH *o@ZE. BKTH2K2MiiBQMbX 6BMHHv r2
rBHH /Bb+mbb TQbbB#H2 +QmMi2`K2bm`2b ;BMbi /2i2+iQ`@
#b2/ ii+Fb BM *o@ZE. M/ +QKT`2 i?2K rBi? +QmM@
i2`K2bm`2b ;BMbi #HBM/BM; ii+F BM .o@ZE.X
h?Bb TT2` Bb Q`;MBx2/ b 7QHHQrbX AM a2+X AA- r2
T`2b2Mi i?2 b2+m`Biv #bBb Q7 :J*a *o@ZE., T`K@
2i2` 2biBKiBQM M/ Bib `2HiBQM iQ [mMimK ?+FBM;X AM
a2+X AAA- r2 bim/v 2tT2`BK2MiHHv b2p2`H BKT2`72+iBQMb
Q7  T`+iB+H >. M/ T`2/B+i i?2 b?Qi MQBb2 K2bm`2@
K2Mib rBi? i?2 T`QTQb2/ >. KQ/2HX AM a2+X Ao- r2 BM@
i`Q/m+2 i?2 ii+F bi`i2;v Q7 i?2 >. #HBM/BM; ii+FX AM
a2+X o- r2 T2`7Q`K i?2 b2+m`Biv MHvbBb Q7 i?2 T`QTQb2/
bi`i2;v M/ /2KQMbi`i2 Bib b2+m`Biv #`2+? 72bB#BHBiv
BM bBKmHiBQMbX i Hbi- r2 /Bb+mbb TQbbB#H2 +QmMi2`K2@
bm`2b ;BMbi >. #HBM/BM; ii+F BM *o@ZE. BM a2+X oA-
M/ +QM+Hm/2 BM a2+X oAAX
AAX S_*hA*G a1*l_Ahu AL *o@ZE.
AM i?Bb b2+iBQM- r2 #`B2~v T`2b2Mi i?2 :mbbBM JQ/@
mHi2/ *Q?2`2Mi aii2 U:J*aV *o@ZE. T`QiQ+QHX h?Bb
T`QiQ+QH Bb rB/2Hv mb2/- MQi#Hv i?MFb iQ  r2HH@
mM/2`biQQ/ b2+m`Biv T`QQ7- #b2 QM i?2 QTiBKHBiv Q7
:mbbBM ii+Fb (jk)X q2 rBHH #2 7Q+mb2/ QM i?2 :J*a
T`QiQ+QH i?`Qm;?Qmi i?2 TT2`- M/ BHHmbi`i2 BM i?Bb b2+@
iBQM i?2 +QMM2+iBQM #2ir22M i?2 T`K2i2` 2biBKiBQM
T?b2- M/ i?2 T`+iB+H ii+F bi`i2;vX
X :J*a T`QiQ+QH M/ T`K2i2` 2biBKiBQM
AM :J*a T`QiQ+QH (jy)- HB+2 T`2T`2b i?2 +Q?2`2Mi
bii2 |X+iP ⟩ b i?2 [mMimK bB;MH- BM r?B+? KTHBim/2
X M/ T?b2 P [m/`im`2b `2 +QMiBMmQmbHv KQ/mHi2/
rBi?  +2Mi2`2/ :mbbBM /Bbi`B#miBQM rBi?  p`BM+2
VAN0X h?2 b?Qi MQBb2 N0 Bb i?2 >. p`BM+2 r?2M i?2BMTmi bB;MH Bb p+mmK }2H/X i "Q#Ƕb bB/2- ?2 T2`7Q`Kb
>. QM HB+2Ƕb bB;MH #v BMi2`72`BM; Bi rBi? bi`QM; T?b2
`272`2M+2 GPX "Q# `M/QKHv +?QQb2b iQ TTHv  T?b2
KQ/mHiBQM 0 Q` π/2 QM GP BM Q`/2` iQ K2bm`2 [m/`@
im`2 X Q` P BM T?b2 bT+2X LQi2 i?i- Bi Bb MQi M2+2bb`v
7Q` HB+2 iQ b2M/ GP Qp2` i?2 BMb2+m`2 +?MM2H- "Q# +M
;2M2`i2 i?2 GP i ?Bb bB/2 M/ `2+Qp2` i?2 T?b2 BM7Q`@
KiBQM rBi? ?2HT Q7 //BiBQMH `272`2M+2 TmHb2b 7`QK HB+2
(k9Ĝkd)X "v `2T2iBM; bm+? T`Q+2bb M/ bB7iBM;- HB+2 M/
"Q# i?2M Q#iBM +Q``2Hi2/ :mbbBM p`B#H2b (XA, XB)b i?2 `r F2vbX qBi? `2p2`b2 `2+QM+BHBiBQM (jy- jj)-
HB+2 M/ "Q# +M 2ti`+i M B/2MiB+H #Bib bi`BM; 7`QK
i?2 +Q``2Hi2/ p`B#H2b M/ Q#iBM  b2+`2i F2v i?`Qm;?
T`Bp+v KTHB}+iBQMX
AM Q`/2` iQ 2biBKi2 1p2Ƕb FMQrH2/;2b QM i?2 `r F2v
M/ 2HBKBMi2 i?2K BM T`Bp+v KTHB}+iBQM- M BKTQ`@
iMi bi2T 7Q` HB+2 M/ "Q# Bb iQ T2`7Q`K i?2 T`K2i2`
2biBKiBQM iQ 2biBKi2 2t+2bb MQBb2- +?MM2H i`MbKBb@
bBQM M/ b2+`2i F2v `i2X a2+m`Biv T`QQ7b Q7 *o@ZE.
b?Qr i?i :mbbBM ii+F Bb i?2 QTiBKH QM2 r?B+? ?b
#22M T`Qp2M BM +QHH2+iBp2 ii+Fb rBi? bvKTiQiB+ HBKBi
(j9- j8)- BM `2+2Mi +QKTQb#H2 b2+m`Biv T`QQ7(je) M/ BM `@
#Bi``v ii+Fb rBi? }MBi2 bBx2 (jd)X am+? b2+m`Biv T`QQ7b
j
2M#H2 HB+2 M/ "Q# iQ /2b+`B#2 i?2B` [mMimK +?M@
M2H b  :mbbBM HBM2` +?MM2H r?B+? +QMM2+ib i?2 `r
/i XA M/ XB rBi?  :mbbBM MQBb2 7+iQ` XN X h?Bb+?MM2H KQ/2H HHQrb HB+2 M/ "Q# iQ /2i2`KBM2 i?2
irQ +?`+i2`BbiB+b Q7 i?2 [mMimK +?MM2H, 2t+2bb MQBb2
ξ M/ +?MM2H i`MbKBbbBQM T #v T2`7Q`KBM; 7Qm` K2@
bm`2K2MibX S`iB+mH`Hv- HB+2Ƕb KQ/mHiBQM p`BM+2 VA-"Q#Ƕb >. p`BM+2 VB - HB+2@"Q# +Qp`BM+2 *QpAB M/b?Qi MQBb2 +HB#`iBQM Q7 "Q#Ƕb >. p`BM+2 VB,0 r?2Mi?2`2 Bb QMHv GP BMTmi,
VA = ⟨X2A⟩ − ⟨XA⟩2, URV
CovAB = ⟨XAXB⟩ − ⟨XA⟩⟨XB⟩ =
√
ηTVA, UkV
VB = ⟨X2B⟩ − ⟨XB⟩2 = ηTVA +N0 + ηTξ + vele,UjV
VB0 = N0 + vele, U9V
BM r?B+? η M/ vele `2 "Q#Ƕb >. Qp2`HH 2{+B2M+v M/2H2+i`QMB+ MQBb2 r?B+? `2 +HB#`i2/ #27Q`2 ZE.- N0 Bbi?2 b?Qi MQBb2 p`BM+2X HB+2 M/ "Q# +M 2ti`+i 
TQ`iBQM Q7 i?2 `r F2v M/ 2biBKi2 i?2 +?MM2H i`Mb@
KBbbBQM T #b2/ QM 1[bX URV M/ UkVc M/ 2t+2bb MQBb2 BM
b?Qi MQBb2 mMBib ξ/N0 #b2/ QM 1[bX UjV M/ U9VX h?2v+M i?2M 2biBKi2 i?2 b2+m`Biv F2v `i2 rBi?  ;Bp2M b2@
+m`Biv T`QQ7 M/ /2+B/2 r?2i?2` iQ T`Q+22/ iQ i?2 F2v
;2M2`iBQM bi2T Q` #Q`i i?2 T`QiQ+QH B7 i?2`2 i?2 b2+m`2
F2v `i2 2biBKiBQM Bb MQM@TQbBiBp2X LQi2 i?i r2 M22/ iQ
iF2 biiBbiB+H ~m+imiBQM BMiQ ++QmMi 7Q` i?2 p`BM+2
K2bm`2K2Mib rBi?  `2HBbiB+ /i #HQ+F bBx2 N (j3) BM
T`+iB+2X AM i?Bb TT2`- r2 rMi iQ 2KT?bBx2 i?2 B/2
Q7 i?2 ii+F bi`i2;v- r2 QMHv +QMbB/2` i?2 +QHH2+iBp2
ii+Fb BM bvKTiQiB+ HBKBi UN →∞VX
"X ZmMimK ?+FBM; BM *o@ZE.
h?2 ;QH Q7 1p2Ƕb [mMimK ?+FBM; QM *o@ZE. bvb@
i2K Bb iQ bi2H HB+2 M/ "Q#Ƕb b2+`2i F2vb rBi?Qmi #2BM;
/Bb+Qp2`2/X hQ +?B2p2 i?Bb- 1p2 Bb HHQr2/ iQ mb2 2p2`v
TQbbB#H2 K2bm`2 i?i Bb HHQr2/ #v [mMimK K2+?MB+b
iQ ii+F i?2 QT2M [mMimK +?MM2HX aQK2 *o@ZE.
[mMimK ?+FBM; bi`i2;B2b bm+? b rp2H2M;i? ii+F
(kk) M/ GP BMi2MbBiv ~m+imiBQM ii+F (ky) `2 QMHv TQb@
bB#H2 BM i?2Q`v i?i 1p2 ?b 7mHH ++2bb iQ 7mim`2 [mMimK
+QKTmi2` rBi? 2MQm;? [mMimK K2KQ`vX lM/2` bm+?
+b2b- HQQT?QH2b H2/ iQ BM+`2b2 Q7 1p2Ƕb KmimH BM7Q`@
KiBQM rBi? HB+2 Q` "Q# M/ iQ /2+`2b2 i?2 }MH b2+`2i
F2v `i2X Ai Bb ?Qr2p2` KQ`2 BKTQ`iMi iQ bim/v TQb@
bB#H2 [mMimK ?+FBM; bi`i2;B2b BM  `2HBbiB+ b+2M`BQ
r?2M 1p2Ƕb TQr2` Bb HBKBi2/ #v +m``2Mi i2+?MQHQ;B2b- b
Bi rQmH/ #`BM; BKK2/Bi2 i?`2ib iQ *o@ZE. b2+m`BivX
AM *o@ZE.- 2t+2bb MQBb2 2biBKiBQM Bb i?2 `272`2M+2
7Q` HB+2 M/ "Q# iQ /2+B/2 iQ #Q`i i?2 T`QiQ+QH Q` T`Q@
+22/ iQ F2v ;2M2`iBQMX Mv ~r BM i?2 2t+2bb MQBb2 2b@
iBKiBQM +M H2/ iQ b2+m`Biv T`Q#H2K i?i 1p2Ƕb ii+F
+iBQM Bb mM/Bb+Qp2`2/- r?B+? Kv 7mHHv +QKT`QKBb2 *o@
ZE. b2+m`BivX AM Q`/2` iQ ii+F *o@ZE. rBi? +m``2Mi
Amp
    
Amp
     
Tbs
1-Tbs
HD 
signalADC
Signal
LO 
 Port 1
 Port 2
VOA
PD
PD50/50 BS
6A:X RX  bBKTHB}2/ b+?2K2 Q7  T`+iB+H >.- "a, #2K@
bTHBii2`- oP, p`B#H2 QTiB+H ii2MmiQ`- S., T?QiQ/BQ/2-
JS, KTHB}2`b- .*, MHQ;@iQ@/B;BiH +QMp2`i2`- bQHB/ HBM2,
QTiB+H bB;MH- /b? HBM2, 2H2+i`QMB+ bB;MHX
i2+?MQHQ;B2b- 1p2 +M T2`7Q`K M BMi2`+2Ti@`2b2M/ UA_V
ii+F #v mbBM; QTiB+H ?2i2`Q/vM2 /2i2+iBQM (jN) r?B+?
+Q``2bTQM/b iQ  ǳ2MiM;H2K2Mi #`2FBM;Ǵ +?MM2HX lM@
/2` A_ ii+F- 1p2 Hrvb ?b M BM7Q`KiBQM /pMi;2
Qp2` HB+2 M/ "Q# #mi b?2 HbQ BMi`Q/m+2b i H2bi 2N0BMiQ i?2B` 2t+2bb MQBb2 2biBKiBQM /m2 iQ i?2 ?2i2`Q/vM2
K2bm`2K2Mi /Bbim`#M+2 M/ +Q?2`2Mi bii2 b?Qi MQBb2X
J2Mr?BH2- 1p2 +M iF2 /pMi;2 Q7 *o@ZE. BKTH2@
K2MiiBQM BKT2`72+iBQMb iQ 7Q`KHBx2 T`iB+mH` ii+F
bi`i2;B2b iQ #Bb HB+2 M/ "Q#Ƕb 2t+2bb MQBb2 2biBKiBQM
BM Q`/2` iQ ?B/2 ?2` A_ +iBQM M/ +?B2p2  7mHH b2+m@
`Biv #`2+?X 6Q` 2tKTH2b- BM +HB#`iBQM ii+F (RN)- 1p2
/2Hvb i?2 GP TmHb2 bm+? i?i HB+2 M/ "Q# Qp2`2biB@
Ki2 i?2 b?Qi MQBb2 #b2/ QM i?2B` T`2@2bi#HBb?2/ +H@
B#`iBQM- r?B+? `2bmHib BM mM/2`2biBKiBQM Q7 i?2 2t+2bb
MQBb2X AM bim`iBQM ii+F (k3- kN)- 1p2 BM/m+2b bim`@
iBQM QM "Q#Ƕb >. K2bm`2K2Mi M/ /B`2+iHv #Bb HB+2
M/ "Q#Ƕb 2t+2bb MQBb2X AM i?Bb TT2`- r2 HbQ 7QHHQr i?Bb
B/2 M/ rBHH iF2 /pMi;2 Q7 b2p2`H BKT2`72+iBQMb BM
 >. iQ `+?Bp2  b2+m`Biv #`2+? QM :J*a *o@ZE.
BKTH2K2MiiBQMbX
AAAX AJS1_61*h >PJP.uL1 .1h1*hAPL AL
*o@ZE.
AM i?Bb b2+iBQM- r2 MHvx2 >. BKT2`72+iBQMb bm+? b
BK#HM+2 M/ 2H2+i`QMB+b bim`iBQMX h?2b2 >. BKT2`@
72+iBQMb `2 i?2 F2v 2H2K2Mib i?i rBHH #2 mb2/ BM i?2 >.
#HBM/BM; ii+F bi`i2;vX
X S`+iB+H ?QKQ/vM2 /2i2+iBQM rBi?
BKT2`72+iBQMb
AM i?2 +QMi2ti Q7 *o@ZE. - >. T2`7Q`KM+2 Bb mbm@
HHv K2bm`2/ #v Bib Qp2`HH 2{+B2M+v η M/ Bib 2H2+i`QMB+
MQBb2 vele (R8- Rd)X >Qr2p2`- BKT2`72+iBQMb bm+? b HBKBi2/#M/rB/i?- HBM2`Biv `M;2- BKT2`72+i #HM+2- 2i+X- +M
HbQ z2+i >. #2?pBQ` M/ TQi2MiBHHv BKT+i QM *o@
ZE. T2`7Q`KM+2 (9y)X aQK2 Q7 i?2b2 >. BKT2`72+iBQMb
Kv 2p2M QT2M b2+m`Biv HQQT?QH2b BM *o@ZE. iQ 1p2
r?B+? M22/ iQ #2 +`27mHHv bim/B2/X >2`2- r2 `2 T`iB+@
mH`Hv BMi2`2bi2/ BM i?2 BKT2`72+iBQM Q7 i?2 >. QM i?2
QTiB+H T`i, BK#HM+2/ 8yf8y #2K@bTHBii2` U"aV M/
QM i?2 2H2+i`QMB+ T`i, }MBi2 HBM2` `M;2 Q7 /2i2+iBQMX
9
b b?QrM BM 6B;X R-  T`+iB+H >. +QMbBbib #Qi? QTiB+H
M/ 2H2+i`QMB+ T`ibX h?2 BMTmi QTiB+H bB;MHb M/ GP
TmHb2b ;Q BMiQ i?2 irQ TQ`ib Q7 8yf8y "a M/ rBi? QM2
MQi?2`X hrQ QmiTmi QTiB+H TmHb2b i?2M i`p2H iQ irQ
B/2MiB+H T@B@M T?QiQ/BQ/2b US.bV r?B+? +QMp2`i QTiB+H
HB;?ib BMiQ irQ T?QiQ+m``2Mib rBi? }MBi2 [mMimK 2{@
+B2M+B2bX M 2H2+i`QMB+ bm#i`+iBQM Bb i?2M T2`7Q`K2/ QM
i?2 irQ T?QiQ+m``2Mib M/ i?2 bm#i`+i2/ T?QiQ+m``2Mi Bb
KTHB}2/ BMiQ  bKHH pQHi;2 i?`Qm;?  i`Mb@BKT2/M+2
KTHB}2` Q`  +?`;2 KTHB}2`X h?2 pQHi;2 bB;MH Bb 7m`@
i?2` KTHB}2/ #v  b2+QM/ bi;2 KTHB}2` iQ #2 /2i2+i2/
#v i?2 MHQ;@iQ@/B;BiH +QMp2`i2` U.*V /2pB+2 UBX2X- Qb@
+BHHQb+QT2 Q` /i +[mBbBiBQM +`/VX h?2 }MH /B;BiBx2/
/i Bb bQ@+HH2/ >. QmiTmi bB;MH r?B+? Bb T`QTQ`iBQMH
iQ i?2 BMTmi QTiB+H [m/`im`2bX h?2 b2H2+iBQM Q7 i?2
[m/`im`2 Bb /2T2M/2Mi QM i?2 `2HiBp2 T?b2 #2ir22M
GP M/ bB;MH TmHb2X
h?MFb iQ i?2 bm#i`+iBQM Q7 >.- KQbi GP BMi2MbB@
iB2b `2 2HBKBMi2/ r?BH2 i?2 `2bi 2M2`;v +``B2b i?2 bKHH
[mMimK bB;MH ~m+imiBQM r?B+? Bb ǳKTHB}2/Ǵ #v GPǶb
KTHBim/2X >Qr2p2` /m2 iQ i?2 BK#HM+2 BKT2`72+iBQM
Q7 i?2 >.-  MQM@M2;HB;B#H2 H2F;2 Q7 GP +QMi`B#mi2b
iQ i?2 }MH >. QmiTmi bB;MH b M Qzb2iX am+? H2F@
;2 Kv HbQ +QMi`B#mi2 GP BMi2MbBiv ~m+imiBQM MQBb2
BMiQ >. K2bm`2K2Mib B7 GP BMi2MbBiv Bb `2HiBp2Hv ?B;?
(9R)X AM Q`/2` iQ /Dmbi i?2 #HM+2 Q7 >.-  p`B@
#H2 QTiB+H ii2MmiQ` UoPV M/  p`B#H2 /2Hv HBM2
Uo.GV M22/ iQ #2 //2/ iQ QM2 Q7 i?2 QTiB+H Ti?b 7@
i2` i?2 8yf8y "aX h?2 #HM+BM; Q7 >. Bb 2pHmi2/ #v
i?2 +QKKQM@KQ/2 `2D2+iBQM `iBQ U*J__V r?B+? Bb /2@
}M2/ b CMRR = −20 log10(2ϵ) rBi? ϵ b i?2 Qp2`HHBK#HM+2 7+iQ` (9R)- ϵ [mMiB}2b i?2 bKHH /2pBiBQM
i?i p`B2b 7`QK  T2`72+i #HM+2/ >.X 6Q` 2tKTH2- 
ivTB+H *J__ pHm2 Q7  r2HH #HM+2/ >. Bb `QmM/
−52.4 dB (9y) r?B+? K2Mb i?2 /Bz2`2M+2 #2ir22M i?2
irQ T?QiQ+m``2Mib #27Q`2 bm#i`+iBQM Bb ϵ = 0.12% Qp2`
i?2B` iQiH +m``2MibX
AM Q`/2` iQ [mMiB7v i?2 BKT+i Q7 bm+? BK#HM+2 BK@
T2`72+iBQM QM >.- r2 MHvx2 i?2 +b2 Q7 b?Qi MQBb2 K2@
bm`2K2Mi r?2M i?2`2 Bb MQ bB;MH #mi QMHv GP TmHb2b b2Mi
BMiQ >.- BM r?B+? r2 HQQF i i?2 }`bi M/ b2+QM/ KQ@
K2Mi Q7 >. biiBbiB+b, K2M M/ p`BM+2X hQ bBKTHB7v
i?2 MHvbBb- r2 +QMbB/2` i?2 KQ/2H Q7 mM#HM+2/ >.
rBi? irQ TQ`ib BM _27X kRX A7 i?2`2 Bb QMHv GP BKTBM;BM;
QM >.- i?2 >. QmiTmi bii2 XHD +M #2 ;Bp2M,
XHD = η(1− 2T?/)IHQ + 2
√
ηT?/(1− T?/)IHQX0 +X2H2,U8V
BM r?B+? T?/ Bb i?2 Qp2`HH i`MbKBbbBQM Q7 >.- r?B+?BM+Hm/2b i?2 i`MbKBbbBQM Q7 i?2 8yf8y "a- QTiB+H HQbb
BM i?2 QTiB+H Ti? M/ 2{+B2M+v Q7 i?2 S. r?BH2 1 −
T?/ Bb i?2 Qp2`HH `2~2+iBQM- ϵ = 1 − 2T?/ Bb i?mb i?2Qp2`HH BK#HM+2 7+iQ`X IHQ Bb i?2 MmK#2` Q7 T?QiQMb T2`QM2 GP TmHb2 Ur?B+? Bb HBM2` /2T2M/2Mi QM GP TQr2`
Q` BMi2MbBivV- X0 Bb i?2 p+mmK bii2- X2H2 Bb i?2 >.2H2+i`QMB+ MQBb2 rBi?  p`BM+2 Q7 veleX q2 Q#b2`p2 i?ii?2 >. QmiTmi Bb /BbTH+2/ #v  pHm2 DHQ (}`bi i2`K BM1[X U8V) i?i Bb HBM2`Hv T`QTQ`iBQMH iQ IHQ /m2 iQ GP
H2F;2- r?B+? /B`2+iHv /2i2`KBM2 i?2 K2M Q7 XHD,
⟨XHD⟩ = DHQ = η(1− 2T?/)Ilo, UeV
?2`2 i?2 p+mmK bii2 Bb +2Mi2`2/ QM x2`Q ⟨X0⟩ = 0- M/r2 bbmK2 i?2 Qzb2i /m2 iQ i?2 >. 2H2+i`QMB+b Bb bKHH
2MQm;? iQ #2 M2;H2+i2/ ⟨X2H2⟩ ≈ 0X q2 +M 7m`i?2` /2@/m+2 i?2 >. p`BM+2 #b2/ QM 1[X U8V rBi? i?2 /2}MBiBQM
Q7 p`BM+2,
VHD =⟨X2HD⟩ − ⟨XHD⟩2
=η2(1− 2T?/)2f2HQI2HQ + 4(1− T?/)T?/ηIHQ + vele,UdV
BM r?B+? fHQ = √⟨I2HQ⟩ − ⟨IHQ⟩2/IHQ Bb i?2 BMi2MbBiv ~m+@imiBQM `iBQ Q7 GP Qp2` i?2 K2bm`2K2Mi iBK2 M/ i?2
}`bi [m/`iB+ i2`K Q7 IHQ Bb i?2 MQBb2 p`BM+2 /m2 iQGP BMi2MbBiv ~m+imiBQMb (9R)X A7 r2 +QMbB/2`  ivTB+H
*o@ZE. BKTH2K2MiiBQM (Rd) rBi?  HQr GP TQr2` IHQb i?2 Q`/2` Q7 108 M/ >. Bb /Dmbi2/ iQ #2 #HM+2/
UT?/ ≈ 0.5V- r2 +M M2;H2+i i?2 GP BMi2MbBiv ~m+imiBQMMQBb2 M/ i?2 /2;`/iBQM 2z2+i /m2 iQ BK#HM+2 b i?2
7+iQ` 4(1−T?/)T?/ ≈ 1X 1[X UdV +M #2 7m`i?2` bBKTHB}2/BMiQ,
VHD ≈ ηIHQ + vele, U3V
r?2`2 i?2 }`bi i2`K Bb FMQrM b i?2 b?Qi MQBb2 N0 = ηIHQBM *o@ZE.- r?B+? Bb T`QTQ`iBQMH iQ IHQ M/ Bi +M #2BMi2`T`2i2/ b i?2 >. bB;MH p`BiBQM /m2 iQ BMi2`72`2M+2
#2ir22M GP M/ i?2 p+mmK bii2 rBi? ⟨X2
0
⟩ = 1X h?2
KTHB}+iBQM Q7 GP HbQ TTHB2b iQ p+mmK bii2 r?B+?
ii`B#mi2b iQ i?2 i2`K Q7 IHQ BM 1[X U3VX b b?QrM BM1[X U8V M/ 1[X UdV- GP H2F;2 /m2 iQ >. BK#HM+2
+QMi`B#mi2b M Qzb2i Q7 DHQ BM >. QmiTmi bB;MHb M/bbQ+Bi2/ GP BMi2MbBiv MQBb2b BM i?2 >. p`BM+2 K2@
bm`2K2MiX
"2bB/2 i?2 >. BK#HM+2 BKT2`72+iBQM- }MBi2 HBM2` /2@
i2+iBQM `M;2 Q7 i?2 2H2+i`QMB+b T`i +M HbQ BM~m2M+2
>. K2bm`2K2Mib M/ Kv H2/ iQ b2+m`Biv HQQT?QH2b
(k3- kN)X M BKTQ`iMi bbmKTiBQM BM *o@ZE. Bb i?i
"Q#Ƕb >. K2bm`2K2Mi p`B2b HBM2`Hv rBi? i?2 BMTmi QT@
iB+H [m/`im`2X >Qr2p2` bm+? bbmKTiBQM /Q2b MQi H@
rvb ?QH/ BM  T`+iB+H >.- #2+mb2 B7 BMTmi }2H/ [m/`@
im`2 Qp2`Tbb2b +2`iBM i?`2b?QH/- i?2 +Q``2bTQM/BM; T?Q@
iQ+m``2Mi rQmH/ #2 `2HiBp2Hv H`;2- r?B+? +M bim`i2
i?2 2H2+i`QMB+b M/ `2bmHib BM bim`iBQM Q7 >. QmiTmi bB;@
MHX 1H2+i`QMB+b bim`iBQMb mbmHHv ?TT2M QM i?2 K@
THB}2` Q` QM i?2 /i +[mBbBiBQM +`/ U.ZVX .2T2M/b
QM i?2 bT2+B}+ 2H2+i`QMB+b /2bB;M- i?2 KTHB}2`b mbmHHv
bim`i2 i 72r pQHib r?B+? Bb i?2 BMi`BMbB+ +?`+i2`BbiB+b
Q7 i?2 2H2+i`QMB+bX .Z /2i2+iBQM `M;2 BM *o@ZE. Bb
mbmHHv b2i iQ  bKHH `M;2 UivTB+HHv #2ir22M −1V M/
1VV iQ 2Mbm`2 Bib K2bm`2K2Mi bi2T T`2+BbBQM- BM T`BM@
+BTH2- i?Bb `M;2 +M #2 b2i b H`;2 b TQbbB#H2 #mi MQi
BM}MBi2X >Qr2p2` i?2 Qp2`HH HBM2` /2i2+iBQM `M;2 Bb biBHH
HBKBi2/ #v i?2 KTHB}2`X hrQ T@B@M S.b BM >. +M HbQ
#2+QK2 bim`i2/ KBMHv /m2 iQ b+`22MBM; Q7 i?2 2H2+i`B+
}2H/ +mb2/ #v T?QiQ@;2M2`i2/ +``B2`b (9k)X >Qr2p2`
8
bm+? HBKBi Bb Q7i2M `2HiBp2Hv ?B;? U2X;X- 72r Kq 7Q` h?Q`@
H#b 6:yR6*V M/ iQiH QTiB+H TQr2` Q7 GP M/ bB;MH
BM *o@ZE. bvbi2K Bb Km+? HQr2` i?M i?Bb HBKBiX h?mb
S. bim`iBQM Bb mbmHHv MQi i?2 `2bQM +mb2b >. bi@
m`iBQM M/ r2 +QMbB/2` i?Bb `2HBbiB+ bbmKTiBQM BM i?Bb
TT2`X AM T`+iB+2- >. bim`iBQM Bb mMpQB/#H2 M/ Bi
Bb BKTQ`iMi iQ KF2 bm`2 >. rQ`Fb BM i?2 HBM2` `2;BQMX
>. bim`iBQM 2z2+i +M #2 KQ/2H2/ #v  bBKTH2 >.
KQ/2H (k3- kN) rBi? mTT2` M/ HQr2` #QmM/b α1 M/ α2-r?2`2 "Q#Ƕb >. QmiTmi bB;MH 7i2` .* +M #2 ;Bp2M
b,
XHD` =


α1, XHD > α1
XHD, α2 < XHD < α1
α2, XHD 6 α2
, UNV
BM r?B+? XHD Bb ;Bp2M #v 1[X U8VX h?Bb KQ/2H b?Qrb i?ii?2 HBM2`Biv `M;2 Q7 >. Bb HBKBi2/ #v (α2, α1)- Qi?2`rBb2>. QmiTmi bB;MHb rBHH #2 bim`i2/ iQ i?2 HBKBibX h?2
HBKBib α1 M/ α2 M22/ iQ #2 +HB#`i2/ BM T`+iB+2 M/i?2v `2 /2T2M/2Mi QM >. 2H2+i`QMB+b b K2MiBQM2/X .m2
iQ >. bim`iBQM- p`BiBQMb Q7 >. bB;MHb #2+QK2 Km+?
HQr2` +QKT`2/ iQ i?2 +b2 BM HBM2` /2i2+iBQM `2;BQM-
r?B+? rBHH z2+i i?2 +Q``2+iM2bb Q7 >. biiBbiB+ K2bm`2@
K2Mib (k3- kN)X JQ`2Qp2`- r?2M i?2`2 Bb HbQ i?2 Qzb2i
/m2 iQ BK#HM+2 BKT2`72+iBQM QM >.- Bi +M bB;MB}+MiHv
+?M;2 i?2 T`2@+HB#`i2/ HBM2` /2i2+iBQM `M;2b B7 i?2
Qzb2i 7+iQ` DHQ #2+QK2b +QKT`#H2 iQ α1 Q` α2- r?B+?M22/b iQ #2 7m`i?2` bim/B2/ BM 2tT2`BK2MibX
"X 1tT2`BK2MiH MHvbBb QM  T`+iB+H ?QKQ/vM2
/2i2+iQ`
AM Q`/2` iQ bim/v BM~m2M+2b Q7 >. BK#HM+2 M/ 2H2+@
i`QMB+b bim`iBQM QM >. QmiTmi bB;MHb- r2 /2bB;M  bBK@
TH2 2tT2`BK2MiH i2bi QM >. b?Qi MQBb2 K2bm`2K2MiX q2
bHB;?iHv KQ/B7v i?2 biM/`/ b?Qi MQBb2 K2bm`2K2Mi T`Q@
+2/m`2 M/ +QKT`2 i?2 `2bmHib mM/2` /Bz2`2Mi #HM+BM;
b2iiBM;bX h?2 F2v B/2 Q7 i?Bb i2bi Bb i?i r2 BMi2MiBQMHHv
mM#HM+2 >. iQ bim/v Bib BM~m2M+2 QM >. bim`iBQM
HBKBi M/ 7m`i?2` QM >. QmiTmi bB;MHbX
h?2 2tT2`BK2MiH b2imT +M #2 `272`22/ iQ 6B;X R r?2`2
r2 QMHv b2M/ GP TmHb2b M/ i?2M K2bm`2 >. bB;MHbX
q2 mb2  1550 nm /Bbi`B#mi2/ 722/#+F U.6"V Hb2` UH@
+i2H GJARNy8V iQ }`bi T`2T`2  i`BM Q7 QTiB+H TmHb2b
rBi? TmHb2 rB/i?b Ryy Mb M/ `2T2iBiBQM `i2 i R J>x b
GP TmHb2bX Pm` >. +QMbBbib Q7 irQ S.b UC.a lMBT?b2
1SJ ey8V- i?2 KTh2F k8y b i?2 }`bi bi;2 KTHB}2`
rBi?  +?`;2 KTHB}2` b2iiBM; M/  Js9Ryd b i?2
b2+QM/ bi;2 KTHB}2`X h?Bb >. 72im`2b  HQr MQBb2
UrBi?  MQBb2 p`BM+2 i i?2 Q`/2` Q7 10mV2V M/ 
HQr #M/rB/i? U#Qmi Ry J>xVX q2 b2M/ GP TmHb2b
BMiQ TQ`i k Q7 >. U6B;X RV M/ `Qm;?Hv KBMBKBx2 i?2
>. QmiTmi #v /DmbiBM; QTiB+H HQbb Q7 QM2 Ti? BM Q`@
/2` iQ #HM+2 i?2 >.- r?B+? Bb +QMbB/2`2/ b i?2 Rbi
>. #HM+2 b2iiBM;X 7i2` K2bm`BM; i?2 p2`;2 QTiB@
+H TQr2` Q7 i?2 BMTmi TmHb2b rBi?  TQr2` K2i2`- r2
6A:X kX *?`+i2`BxiBQM Q7 >. QmiTmi pQHi;2 biiBbiB+b- BM
#b2M+2 Q7 bB;MH, mM/2` irQ /Bz2`2Mi #HM+BM; +QM/BiBQMb
UbQHB/ HBM2b M/ /b?2/ HBM2bVX UV J2M pHm2 UV V p2`bmb GP
TQr2`X U#V o`BM+2 UV 2V p2`bmb GP TQr2`X
i?2M `2+Q`/ >. bB;MHb Qp2` R b2+QM/ r?B+? +Q``2bTQM/b
iQ 106 TmHb2bX q2 /Dmbi Qm` .Z UJQ/2H LAeRRRV /2@
i2+iBQM `M;2 iQ [−0.5V, 0.5V] b i?2 /2i2+iBQM HBKBibX
Mv >. bB;MHb Qmi Q7 i?Bb `M;2 rBHH #2 bim`i2/ iQ
α1 = 0.5V Q` α2 = −0.5VX LQi2 i?Bb Bb MQi i?2 bim`@iBQM HBKBi Q7 Qm` >. KTHB}2` r?B+? Bb #Qmi ±3V- #mi
r2 rMi iQ HBKBi i?2 HBM2` /2i2+iBQM `M;2 iQ #2 bKHH
BM Q`/2` iQ ?B;?HB;?i Bib BM~m2M+2 QM >. bB;MHbX "b2/
QM i?2 K2bm`2/ 106 >. bB;MHb- r2 i?2M 2biBKi2 i?2
K2M M/ p`BM+2 Q7 i?Bb b2i Q7 /i- r?B+? Bb +QMbB/2`2/
b QM2 b?Qi MQBb2 K2bm`2K2Mi 7Q`  ;Bp2M GP BMi2MbBivX
qBi? i?2 bK2 #HM+2 b2iiBM;- r2 `2T2i i?Bb b?Qi MQBb2
K2bm`2K2Mi #v ;`/mHHv BM+`2bBM; GP BMi2MbBivX h?2
2tT2`BK2MiH `2bmHib 7Q` i?2 Rbi b2iiBM; `2 b?QrM b #Hm2
b[m`2b BM 6B;X kX b b?QrM BM 6B;X kUV- i?2 K2M pHm2
}`bi BM+`2b2b HBM2`Hv rBi? `2bT2+i iQ GP BMi2MbBiv- r?B+?
Ki+?2b i?2 T`2/B+iBQM Q7 1[X UeVX >Qr2p2`- r?2M i?2 GP
BMi2MbBiv `2+?2b iQ #Qmi j8 µW- i?2 K2M pHm2 biQTb
e
BM+`2bBM; #mi bim`i2b i 0.5VX h?Bb Bb Q#pBQmbHv /m2
iQ i?2 >. bim`iBQM 2z2+i T`2/B+i2/ #v 1[X UNV r?2M
i?2 BK#HM+2 Qzb2i DHQ `2+?2b iQ i?2 /2i2+iBQM mTT2`HBKBi α1X "v TTHvBM; 1[X UdV BMiQ 1[X UNV M/ }iiBM;2tT2`BK2MiH /i BM i?2 HBM2` `2;BQM- r2 bm++2bb7mHHv
T`2/B+i i?2 #2?pBQ` Q7 >. K2M pHm2b b b?QrM QM i?2
#Hm2 bQHB/ +m`p2 BM 6B;X kUVX
_2;`/BM; iQ p`BM+2 K2bm`2K2Mib- 7`QK 6B;X kU#V
r2 +M p2`B7v i?i >. p`BM+2 BM+`2b2b HBM2`Hv rBi? GP
BMi2MbBiv r?B+? Ki+?2b i?2 T`2/B+iBQM Q7 1[X UdVX aBKB@
H`Hv- r?2M GP BMi2MbBiv `2+?2b iQ  `2HiBp2Hv ?B;? pHm2
`QmM/ j8 µW- i?2 p`BM+2 /`QTb [mB+FHv M/ #2+QK2b
x2`Q i #Qmi 98 µWX Ai Bb #2+mb2 i?2 >. bB;MHb p`B@
iBQM #2+QK2b Km+? HQr2` r?2M >. Bb bim`i2/ b Mv
>. bB;MH ~m+imiBQMb #2vQM/ α1 = 0.5V ?p2 #22M +miQzX q2 HbQ Q#b2`p2 i?i >. p`BM+2 /Q2b MQi BKK2/B@
i2Hv im`M BMiQ x2`Q- #2+mb2 QMHv T`ib Q7 >. bB;MHb /m2
iQ p+mmK ~m+imiBQMb ?p2 #22M HBKBi2/ #v α1 #2ir22Mj8 µW M/ 98 µW GP BMi2MbBivX q2 mb2 i?2 bim`iBQM
KQ/2H (1[X UNV) M/ b?Qi MQBb2 p`BM+2 (1[X UdV) iQ bBKm@
Hi2 >. p`BM+2 #2?pBQ`b b 7Q` i?2 #Hm2 bQHB/ +m`p2X b
b?QrM BM 6B;X kU#V- i?2 bBKmHiBQM +m`p2 Ki+?2b i?2 #2@
?pBQ`b Q7 2tT2`BK2MiH >. p`BM+2b /i- r?B+? K2Mb
r2 +M ++QmMi 7Q` i?2 bim`iBQM KQ/2H 7Q` 7m`i?2` MH@
vbBbX
AM Q`/2` iQ BHHmbi`i2 i?2 BKT+i Q7 >. BK#HM+2 QM
>. bB;MHb- r2 MQr bHB;?iHv /Dmbi i?2 QTiB+H HQbb Q7 QM2
Ti? 7i2` "a iQ mM#HM+2 i?2 >.X am+? #HM+2 b2iiBM;
UkM/V BKTQb2b KQ`2 GP H2F;2- r?B+? rBHH 7m`i?2` z2+i
i?2 #2?pBQ`b Q7 >. K2Mb M/ p`BM+2bX qBi? i?Bb #H@
M+2 b2iiBM;- r2 `2T2i >. biiBbiB+ K2bm`2K2Mib K2M@
iBQM2/ #Qp2 M/ +QKT`2 i?2K rBi? T`2pBQmb `2bmHib i
bK2 GP BMi2MbBiv H2p2HbX 1tT2`BK2MiH M/ bBKmHiBQM
`2bmHib `2 b?QrM b `2/ /BKQM/b M/ /b?2/ +m`p2b BM
6B;X k- `2bT2+iBp2HvX b b?QrM BM 6B;X kUV- >. K2M mM@
/2` kM/ b2iiBM; `2+?2b iQ bim`iBQM HBKBi `QmM/ 35µW
+QKT`2/ iQ i?2 QM2 i 45µW BM i?2 Rbi b2iiBM;X Ai +QM@
}`Kb 1[X UdV i?i >. Qzb2i /m2 iQ GP BMi2MbBiv H2F;2
Bb T`QTQ`iBQMH iQ ϵ M/ i?mb i?2 2[mBpH2Mi /BbTH+2K2Mib
DHQ QM >. bB;MHb Q7 i?2 kM/ b2iiBM; Bb H`;2` i?M i?2QM2 Q7 i?2 Rbi b2iiBM;X AM +QMb2[m2M+2- >. bB;MH Q7 kM/
b2iiBM; `2+?2b iQ i?2 /2i2+iBQM HBKBi α1 i  bKHH2` pHm2Q7 GP BMi2MbBiv +QKT`2/ iQ i?2 Rbi b2iiBM;- r?B+? +M
#2 Q#b2`p2/ #v 2tT2`BK2MiH U`2/ /BKQM/bV M/ bBKmH@
iBQM U`2/ /b?2/ +m`p2V /i BM 6B;X kU#VX h?2 bBKmHiBQM
+m`p2b HbQ +QM}`K i?2 >. biiBbiB+H #2?pBQ`b- r?B+?
b?Qrb i?i >. BK#HM+2 BKT2`72+iBQMb +M BM~m2M+2 i?2
`2HiBQM #2ir22M >. bim`iBQM H2p2H M/ GP BMTmi BM@
i2MbBiv i  +2`iBM 2ti2MiX LQi2 BM *o@ZE.- >. Bb /2@
bB;M2/ iQ T`2+Bb2Hv /2i2+i r2F [mMimK bB;MHb- Bi +M
#2 bim`i2/ 2bBHv B7 i?2 >. Bb MQi r2HH #HM+2/ b GP
BMi2MbBiv Bb mbmHHv KMv Q`/2`b Q7 K;MBim/2 bi`QM;2`
i?M [mMimK bB;MH (9j- 99)X
h?2b2 2tT2`BK2MiH M/ bBKmHiBQM `2bmHib BMbTB`2 mb
iQ 7Q`KHBx2  M2r ii+F bi`i2;v BM *o@ZE. bBKBH`
iQ #HBM/BM; ii+F BM .o@ZE.- r?2`2 1p2 BMb2`ib 2ti2`@
MH HB;?ib BMiQ bB;MH TQ`i Q7 "Q#Ƕb >. iQ BM~m2M+2 >.
QmiTmi bB;MHb #v iFBM; /pMi;2 Q7 >. BK#HM+2 M/
bim`iBQM BKT2`72+iBQMbX
AoX >PJP.uL1 .1h1*hP_ "GAL.AL:
hh*E PL :J*a *o@ZE.
X S`BM+BTH2 Q7 i?2 ii+F
"b2/ QM i?2 T`2pBQmb MHvbBb- 1p2 +M 7Q`KHBx2 
bBKTH2 bi`i2;v iQ bim`i2 "Q#Ƕb >. QmiTmi bB;MH #v
b2M/BM; MQi?2` BM+Q?2`2Mi +HbbB+H HB;?i BMiQ >.Ƕb bB;@
MH TQ`i BMbi2/ Q7 T`2T`BM; +Q?2`2Mi /BbTH+2K2Mi b
BM bim`iBQM ii+F (k3- kN)X aBM+2 "Q# #HM+2b ?Bb >.
rBi? `2bT2+i iQ i?2 GP HB;?i i?i ;Q2b BMiQ GP TQ`i- Mv
`2HiBp2Hv bi`QM; HB;?i ;QBM; BMiQ bB;MH TQ`i +MMQi #2
bm#i`+i2/ b Km+? b i?2 QM2 QM GP TQ`iX h?mb i?2
2ti2`MH HB;?i +QMi`B#mi2b  bi`QM; Qzb2i QM i?2 >. Qmi@
Tmi bB;MH- i +2`iBM TQBMi Bi +M +mb2 >. bim`iBQM
b b?QrM BM i?2 T`2pBQmb b2+iBQMX AM Q`/2` iQ T`2p2Mi BM@
72`2M+2 rBi? GP TmHb2b- 1p2 +M b2M/ i?2 2ti2`MH HB;?ib
BM  /Bz2`2Mi KQ/2 Q7 i?2 GP TmHb2- BM T`+iB+2 b?2 +M
mb2  /Bz2`2Mi rp2H2M;i? Qi?2` i?M i?2 QM2 mb2/ 7Q`
GP TmHb2bX JQ`2Qp2`- /m2 iQ i?2 "a rp2H2M;i? /2T2M@
/2Mi T`QT2`iB2b- 1p2 ?b i?2 TQbbB#BHBiv iQ ǳ+QMi`QHǴ i?2
i`MbKBbbBQM Q7 "Q#Ƕb "a #v b2H2+iBM; T`QT2` rp2H2M;i?
Q7 i?2 2ti2`MH HB;?i (kR- kk- 98)X PM i?2 Qi?2` ?M/- i?2
irQ S.b mb2/ BM >. `2 +HbbB+H /2i2+iQ`b M/ mbmHHv
?p2 H`;2 rp2H2M;i? `M;2b UivTB+HHv 7`QK 3yy@Rdyy
MKVX Mv HB;?ib BM i?2 b2MbBiBp2 `M;2 Q7 i?2 S. +M
T`Q/m+2 T?QiQ+m``2Mib M/ +QMi`B#mi2 iQ }MH >. bB;@
MHb- r?B+? Bb BKTQbbB#H2 7Q` HB+2 M/ "Q# iQ /BbiBM;mBb?
i?2 bQm`+2 Q7 HB;?i #v QMHv K2bm`BM; >. bB;MHbX >Qr@
2p2`- b 1p2Ƕb 2ti2`MH HB;?i Bb BM+Q?2`2Mi rBi? HB+2 M/
"Q#Ƕb GP BM *o@ZE.- i?2 2ti2`MH HB;?ib +QMi`B#mi2 2t@
+2bb MQBb2b BMiQ HB+2 M/ "Q#Ƕb >. K2bm`2K2MibX PM
i?2 Qi?2` ?M/- bm+? 2t+2bb MQBb2b /m2 iQ i?2 2ti2`MH
HB;?ib +M #2 ǳbm{+B2MiHv }Hi2`2/Ǵ #v i?2 GP TmHb2b- BM
i?2 b2Mb2 i?i 2ti2`MH HB;?i Bb MQi BMi2`72`2/ rBi? GP
M/ i?2 `2Hi2/ 2t+2bb MQBb2 rBHH #2 7m`i?2` MQ`KHBx2/
#v  7+iQ` Q7 N0X
b K2MiBQM2/- BM Q`/2` iQ #`2F i?2 b2+m`Biv rBi? +m`@
`2Mi i2+?MQHQ;B2b- 1p2 +M +QK#BM2 i?Bb bi`i2;v rBi? i?2
A_ ii+FX A7 "Q#Ƕb >. rQ`Fb BM i?2 HBM2` `2;BQM- HB+2
M/ "Q# +M Hrvb MQiB+2 i?2 2t+2bb MQBb2 /m2 iQ 1p2Ƕb
A_ ii+F M/ i?2 2ti2`MH HB;?iX >Qr2p2`- 1p2 +M H@
rvb +mb2 "Q#Ƕb >. bB;MH bim`iBQM #v b2M/BM; i?2
2ti2`MH HB;?i bi`QM; 2MQm;?X AM i?Bb b2Mb2- 1p2 Bb #H2
iQ ǳ+QMi`QHǴ "Q#Ƕb >. bB;MHb M/ KMBTmHi2 i?2 >.
biiBbiB+ K2bm`2K2MibX A7 1p2 +`27mHHv b2H2+ib i?2 T`QT@
2`iB2b Q7 i?2 2ti2`MH HB;?i- ?2` KMBTmHiBQM Q7 "Q#Ƕb
>. bB;MHb +M 7m`i?2` H2/ HB+2 M/ "Q# iQ mM/2`2b@
iBKi2 i?2 2t+2bb MQBb2b 7`QK 1p2Ƕb +iBQMb r?B+? 7mHHv
+QKT`QKBb2 i?2 b2+m`BivX q2 rBHH b22 i?i bm+? ii+F
bi`i2;v Bb bBKTH2 iQ `2HBx2 BM 2tT2`BK2Mib #mi TQr2`7mH
2MQm;? 7Q` 1p2 iQ bi2H F2vb rBi?Qmi #2BM; /Bb+Qp2`2/ BM
i?2 7QHHQrBM; b2+iBQMbX
d6A:X jX  +QM+2Ti b+?2K2 Q7 1p2Ƕb >. #HBM/BM; ii+F BM *o@ZE.X HB+2, T`2T`iBQM Q7 i?2 +Q?2`2Mi bii2 rBi? :mbbBM
KQ/mHiBQM UVAVc 1p2, >2i2`Q/vM2 K2bm`2K2Mi XM , PM - `2@T`2T`iBQM XE , PE M/ 2ti2`MH HB;?i bii2 XE,ext, PE,extc "Q#,>. K2bm`2K2Mi,XB , PB c "a, #2K@bTHBii2`- GP, HQ+H Qb+BHHiQ`- S.- TBM T?QiQ/BQ/2- JS, KTHB}2`b- .*, MHQ;@iQ@/B;BiH+QMp2`i2`
"X 1p2Ƕb ii+F bi`i2;v
"v i`;2iBM; QM  ivTB+H BKTH2K2MiiBQM Q7 *o@ZE.
(Rd)- r2 MQr T`2b2Mi 1p2Ƕb >. #HBM/BM; ii+F bi`i@
2;v bi2T #v bi2T HQM; rBi?  `2HBbiB+ BKTH2K2MiiBQM
Q7 HB+2 M/ "Q#Ƕb :J*a *o@ZE. T`QiQ+QH U +QM+2Ti
b+?2K2 Q7 i?2 ii+F bi`i2;v Bb b?QrM BM 6B;X jV,
RX AM :J*a *o@ZE.- HB+2 T`2T`2b [mMimK bB;@
MH |X + iP ⟩ BM r?B+? KTHBim/2 X M/ T?b2 P
[m/`im`2b `2 +QMiBMmQmbHv KQ/mHi2/ rBi?  #B@
p`Bi2 +2Mi2`2/ :mbbBM /Bbi`B#miBQM U.m2 iQ i?2
bvKK2i`B+ Q7 X M/ P - r2 rBHH QMHv HQQF i i?2 X
[m/`im`2 BM Qm` MHvbBbV,
X = XA +X0, URyV
rBi?  p`BM+2 VA = ⟨X2A⟩−⟨XA⟩2 M/ i?2 p+mmKMQBb2 ⟨X2
0
⟩ = 1X
kX 1p2 +mib /QrM i?2 [mMimK +?MM2H M/ T2`7Q`Kb
 7mHH A_ ii+F (jN) , 1p2 BMi2`+2Tib HB+2Ƕb bB;MHb
#v T2`7Q`KBM; ?2i2`Q/vM2 /2i2+iBQM QM X M/ P
[m/`im`2b iQ Q#iBM K2bm`2K2Mi `2bmHi,
XM =
1√
2
(XA +X0 +X
′
0
), URRV
?2`2- /m2 iQ i?2 "a BM ?2i2`Q/vM2 /2i2+iBQM- i?2`2
Bb  7+iQ` 1/√2 7Q` HQbb M/  p+mmK bii2 X ′
0//2/X ++Q`/BM; iQ ?2` K2bm`2K2Mib UXM , PM V-1p2 T`2T`2b M/ `2b2M/b ?2` MQBbv +Q?2`2Mi bii2b
|XE + iPE⟩ b bB;MHb iQ "Q# i?`Qm;?  HQbbv +?M@M2H rBi? i`MbKBbbBQM Q7 T ,
XE =gXM +X
′′
0
=
g√
2
(XA +X0 +X
′
0
) +X ′′
0
,
URkV
BM r?B+?- g = √2 Bb i?2 ;BM 7+iQ` iQ +QKT2Mbi2
i?2 HQbb /m2 iQ ?2i2`Q/vM2 /2i2+iBQM M/ X ′′
0
Bb 
MQBb2 i2`K /m2 iQ +Q?2`2Mi bii2 2M+Q/BM; Q7 1p2X
X ′
0
M/X ′′
0
HH 7QHHQr  +2Mi2`2/ MQ`KH /Bbi`B#miBQM
rBi? mMBiv p`BM+2X
jX HQM; rBi? ?2` `2b2M/BM; bB;MHb- 1p2 BMb2`ib 2t@
i2`MH Hb2` TmHb2b BMiQ i?2 bB;MH TQ`i Q7 "Q#Ƕb >.
r?B+? Bb MQi +Q?2`2Mi rBi? *o@ZE. bB;MHbX AM
T`+iB+2- 1p2 M22/b iQ +?QQb2 i?2 T`QT2`iB2b Q7 i?2
2ti2`MH HB;?i, rp2H2M;i? Bb bHB;?iHv /Bz2`2Mi 7`QK
HB+2Ƕb bB;MHc TmHb2 rB/i? M/ `2T2iBiBQM `i2 `2
bK2 b HB+2Ƕb bB;MHbc BMi2MbBiv Q` T?QiQMb T2`
TmHb2 /2T2M/b QM ?Qr Km+? 1p2 rMib iQ BM~m2M+2
QM "Q#Ƕb >. K2bm`2K2Mi r?B+? rBHH #2 MHvx2/
BM i?2 M2ti b2+iBQMX AM Q`/2` iQ BMb2`i bm+? TmHb2b
BMiQ "Q#Ƕb >.- 1p2 +M b2i i?2 TQH`BxiBQM Q7 i?2K
b i?2 QM2b Q7 i?2 *o@ZE. bB;MHb- B7 TQH`BxiBQM
KmHiBTH2tBM; i2+?MB[m2 Bb mb2/ (RN)X
9X "Q# T2`7Q`Kb >. K2bm`2K2Mib QM i?2 BM+QKBM;
1p2Ƕb bB;MH TmHb2b BMi2`72`BM; rBi? GP TmHb2b M/
i?2 2ti2`MH Hb2` TmHb2b BMi2`72`BM; rBi? p+mmKX
aBM+2 i?2 2ti2`MH Hb2` TmHb2b `2 BM+Q?2`2Mi rBi?
*o@ZE. bB;MHb- i?2`2 `2 MQ BMi2`72`2M+2b #2@
ir22M i?2 2ti2`MH HB;?i M/ GP TmHb2b- r2 +M BM@
/2T2M/2MiHv MHvx2 i?2 BKT+i Q7 2ti2`MH Hb2`
M/ 1p2Ƕb A_ bB;MHb QM "Q#Ƕb >. QmiTmi bB;MHbX
_2;`/BM; iQ  >. rBi? M B/2H BM}MBi2 /2i2+iBQM
`M;2 U−∞,∞V M/ M 2{+B2M+v Q7 η- "Q#Ƕb >.
QmiTmi bB;MH +M #2 ;Bp2M b,
XBi =
√
ηIHQ[
√
ηT (XE +Xi2+?) +
√
1− ηTX ′′′
0
]
+XE,ext +X2H2,
URjV
BM r?B+?Xi2+? Bb i?2 MQBb2 i2`K /m2 iQ Mv i2+?MB+HMQBb2b 7`QK 1p2- HB+2 M/ "Q#Ƕb /2pB+2bc X ′′′
0
Bb M@
Qi?2` p+mmK bii2 /m2 iQ HQbb BM "Q#Ƕb >.c XE,extBb i?2 2ti2`MH HB;?i bii2 i?i BKT+ib QM "Q#Ƕb >.
QmiTmi- r?B+? +M #2 i`2i2/ b i?2 +b2 i?2`2 Bb
3
QMHv GP TmHb2b ;Q BMiQ >. U1[X U8V BM a2+X AAA V,
XE,ext = η(1− 2T2ti)I2ti + 2
√
ηT2ti(1− T2ti)I2tiX ′′′′0 ,
UR9V
?2`2 T2ti Bb i?2 Qp2`HH i`MbKBbbBQM Q7 >. `2;`/@BM; iQ i?2 2ti2`MH HB;?i TmHb2b i?i ;Q2b BMiQ bB;MH
TQ`i- I2ti Bb MmK#2` Q7 T?QiQMb T2` 2ti2`MH HB;?iTmHb2- X ′′′′
0
Bb i?2 p+mmK bii2 i?i BMi2`72`2b rBi?
i?2 2ti2`MH HB;?iX b "Q#Ƕb >. #HM+2 b2iiBM; Bb
QMHv pHB/ 7Q` GP TmHb2b ;Q BMiQ GP TQ`i- i?2 Qp2`@
HH BK#HM+2 7+iQ` ϵ2ti = 1−2T2ti Q7 i?2 2ti2`MHHB;?i TmHb2b rBHH +QMi`B#mi2 MQM@M2;HB;B#H2 Qzb2ib iQ
}MH >. bB;MHbX h?2 b2+QM/ i2`K Q7 1[X UR9V rBHH
+QMi`B#mi2 Bib QrM b?Qi MQBb2 BMiQ *o@ZE. 2t+2bb
MQBb2X AM  `2HBbiB+ +b2- "Q#Ƕb >. QMHv QT2`i2b
HBM2`Hv rBi?  }MBi2 /2i2+iBQM `M;2 (α2, α1) b /Bb@+mbb2/ BM a2+X AAA- i?mb "Q#Ƕb >. QmiTmi bB;MH Bb
;Bp2M #v 1[X UNV BM r?B+? XBi (1[X URjV) `2TH+2bi?2 i2`K Q7 XHDX
8X HB+2 M/ "Q# T2`7Q`K +HbbB+H TQbi T`Q+2bbBM; QM
i?2B` +Q``2Hi2/ /i UXA, XBV, bB7iBM;- T`K2i2`2biBKiBQM- `2p2`b2 `2+QM+BHBiBQM M/ T`Bp+v K@
THB}+iBQM BM Q`/2` iQ Q#iBM F2vbX .m2 iQ 1p2Ƕb
2ti2`MH HB;?i- HB+2 M/ "Q# Kv #2HB2p2 i?2B` 2t@
+2bb MQBb2 Bb biBHH #2HQr i?2 MmHH i?`2b?QH/ r?B+? rBHH
+mb2 i?2K iQ ++2Ti +QKT`QKBb2/ F2vbX
eX 1p2 HBbi2Mb iQ i?2 +HbbB+H +QKKmMB+iBQM #2ir22M
HB+2 M/ "Q#- BM Q`/2` iQ T2`7Q`K i?2 bK2 TQbi
T`Q+2bbBM; Q7 HB+2 M/ "Q# QM ?2` /i iQ ;2i B/2M@
iB+H F2vbX
oX a1*l_Ahu LGuaAa L. aAJlGhAPLa
AM i?Bb b2+iBQM- r2 rBHH /2KQMbi`i2 BM bBKmHiBQM Q7
1p2Ƕb ii+F bi`i2;v BM a2+X Ao" M/ b?Qr i?i ?Qr 1p2
+M BM T`+iB+2 #`2F i?2 b2+m`Biv Q7 HB+2 M/ "Q# :J*a
*o@ZE. bvbi2K rBi?  `2HBbiB+ T`K2i2` b2iiBM;X
X _2HBbiB+ bbmKTiBQMb Q7 HB+2- "Q# M/ 1p2
AM i?2 b2+m`Biv MHvbBb- Bi Bb M2+2bb`v iQ bbmK2 HB+2
M/ "Q#Ƕb *o@ZE. BKTH2K2MiiBQM b2imTc M/ 1p2Ƕb
TQr2` BM  `2HBbiB+ b+2M`BQ bm+? i?i 1p2Ƕb b2+m`Biv
#`2+? +M #2 pHB/X q2 }`bi +QMbB/2` i?2 bbmKTiBQMb
Q7 HB+2 M/ "Q#Ƕb *o@ZE. BKTH2K2MiiBQM M/ i?2B`
/2pB+2 T`K2i2`b,
Ç HB+2 QTiBKBx2b ?2` :mbbBM KQ/mHiBQM p`BM+2
VA ∈ {1, 100} #b2/ QM i?2 /BbiM+2 (jj)X
Ç "Q# #HM+2b ?Bb >. QM i?2 GP TmHb2b i?i ;Q BMiQ
GP TQ`i bm+? i?i THQ ≈ 0.5 M/ QM2 GP TmHb2+QMiBMb IHQ = 108 MmK#2` Q7 T?QiQMb i "Q# bB/2X
h?mb i?2 BKT+i Q7 GP H2F;2 QM >. Bb bbmK2/
iQ #2 M2;HB;B#H2X
Ç HB+2 M/ "Q# BKTH2K2Mi `2H iBK2 b?Qi MQBb2 +H@
B#`iBQM b BM _27X (RN)- i?2B` b?Qi MQBb2 N0 = ηIHQBb bbmK2/ iQ #2 MQi iKT2`2/ #v 1p2X am+? b@
bmKTiBQM +M #2 2ti2M/2/ iQ i?2 +b2 i?i HB+2
M/ "Q# mb2 GGP b+?2K2 (k9)X
Ç "Q#Ƕb >. 2{+B2M+v η = 0.6- 2H2+i`QMB+ MQBb2 p`B@
M+2 vele = 0.01N0- HBM2` /2i2+iBQM HBKBi α1 =
−α2 = 20
√
N0X am+? HBKBib `2 +QMbB/2`2/ H`;22MQm;? iQ 2Mbm`2 "Q#Ƕb >. QT2`iBM; BM MQ`KH
+b2X HB+2 M/ "Q# +HB#`i2 η M/ vele #27Q`2*o@ZE. T`QiQ+QHX
Ç HB+2 M/ "Q# T2`7Q`K `2p2`b2 `2+QM+BHBiBQM rBi?
 `2+QM+BHBiBQM 2{+B2M+v Q7 95%X
q2 MQr +QMbB/2` 1p2Ƕb ii+F bi`i2;v bbmKTiBQMb,
Ç 1p2Ƕb biiBQM Bb `B;?i 7i2` HB+2 biiBQMX h?2 HQbb
#2ir22M HB+2 M/ "Q# Bb B/2MiB+H iQ i?2 QM2 #2@
ir22M 1p2 M/ "Q# r?B+? Bb ;Bp2M #v T = 10−aL/10-
L Bb i?2 /BbiM+2 #2ir22M HB+2 M/ "Q#- a =
0.21dB/km Bb i?2 biM/`/ HQbb +Q2{+B2Mi Q7 bBM@
;H2 KQ/2 }#2` BM R88y MKX
Ç 1p2 BMb2`ib i?2 2ti2`MH HB;?i #2bB/2 "Q#Ƕb biiBQM
bm+? i?i 1p2 +M +QMi`QH T`2+Bb2Hv Bib TQr2` UI2tiVrBi?Qmi Bi ;QBM; i?`Qm;? i?2 HQbbv +?MM2HX
Ç 1p2 BMb2`ib i?2 2ti2`MH HB;?i BMiQ "Q#Ƕb >. bB;MH
TQ`i M/ Bib Qp2`HH i`MbKBbbBQM QM "Q#Ƕb >. Bb
T2ti = 0.49X LQi2 1p2 Bb bbmK2/ iQ FMQr T2tiM/ +M +QMi`QH Bib pHm2 #v mbBM; b?Q`i2` Q` HQM;2`
rp2H2M;i? b BM i?2 rp2H2M;i? ii+F (kRĜkj)X
"X 1p2Ƕb BKT+i M/ 2t+2bb MQBb2 +QMi`B#miBQM
"b2/ QM i?2b2 bbmKTiBQMb- r2 +M MQr MHvx2 1p2Ƕb
BKT+i M/ 2t+2bb MQBb2 +QMi`B#miBQM Qp2` HB+2 M/ "Q#
*o@ZE. T`QiQ+QHX 6`QK HB+2 M/ "Q#Ƕb TQBMi Q7 pB2rb-
HH i?2 biiBbiB+H [mMiBiB2b M22/ iQ #2 MQ`KHBx2/ BMiQ
b?Qi MQBb2 mMBib r?B+? rBHH #2 +QMbB/2`2/ BM i?2 7QHHQrBM;
MHvbBbX 6`QK 1p2Ƕb bi`i2;v K2MiBQM2/ #Qp2- i?2`2 `2
KBMHv i?`22 T`ib Q7 2t+2bb MQBb2 /m2 iQ 1p2Ƕb ii+F,
MQBb2 /m2 iQ A_ ii+F ξIR- MQBb2 /m2 iQ i?2 2ti2`MHHB;?i ξ2ti M/ MQBb2 /m2 iQ i2+?MB+H BKT2`72+iBQMb ξi2+?XaBM+2 GP TmHb2b M/ 2ti2`MH HB;?i TmHb2b `2 BM /Bz2`2Mi
KQ/2b- r2 +M b2T`i2Hv 2pHmi2 ξIR M/ ξ2tiXb BM i?2 bi2T UkV Q7 1p2Ƕb bi`i2;v- 1p2Ƕb A_ ii+F
//b QM2 p+mmK MQBb2 /m2 iQ i?2 8yf8y "a BM i?2 ?2i@
2`Q/vM2 /2i2+iBQM UX ′
0
V M/ MQi?2` QM2 /m2 iQ +Q?2`2Mi
2M+Q/BM; UX ′′
0
V r?B+? ;Bp2b ξIR = 2 (jN)X q2 7m`i?2`+QMbB/2` iQiH i2+?MB+H MQBb2 /m2 iQ HB+2- "Q# M/ 1p2
/2pB+2b BKT2`72+iBQMb b ξi2+? = 0.1 r?B+? Bb M 2tT2`B@K2MiH `2bmHi BM _27X (jN)X
_2;`/BM; iQ MQBb2 /m2 iQ i?2 2ti2`MH HB;?i BM i?2 bi2T
UjV M/ U9V Q7 1p2Ƕb bi`i2;v- b i?2 MHvbBb BM a2+X AAA -
N
i?2`2 `2 KBMHv irQ T`ib, i?2 2ti2`MH HB;?iǶb QrM b?Qi
MQBb2 Ny-2ti M/ Hb2` BMi2MbBiv ~m+imiBQM MQBb2 V7-2ti/m2 iQ BMbm{+B2Mi bm#i`+iBQM Q7 "Q#Ƕb >.X A7 r2 7m`i?2`
2tT`2bb i?2b2 pHm2b BMiQ b?Qi MQBb2 mMBib rBi? ηIHQ- r2+M FMQr i?2B` 2t+2bb MQBb2 +QMi`B#miBQM,
Ny-2ti = 4T2ti(1− T2ti)I2ti/IHQ, UR8V
V7-2ti = ηf22ti(1− 2T2ti)2I22ti/IHQ, UReV
BM r?B+? f2ti Bb 2ti2`MH Hb2`Ƕb BMi2MbBiv ~m+imiBQM `@iBQ- r2 +QMbB/2` i?i 1p2 ?b M mHi` bi#H2 Hb2` bQm`+2
f2ti = 0.1% Q`  MQ`KH Hb2` bQm`+2 f2ti = 2%X h?mbi?2 iQiH MQBb2 /m2 iQ 1p2Ƕb 2ti2`MH HB;?i Bb ;Bp2M #v,
VB2 = N0,ext + Vf,ext URdV
= 4T2ti(1− T2ti)R+R2ηf22ti(1− 2T2ti)2IHQ, UR3V
BM r?B+? R = I2ti/IHQ Bb i?2 `iBQ #2ir22M T?QiQM MmK#2`Q7 QM2 1p2Ƕb 2ti2`MH HB;?i TmHb2 M/ QM2 "Q#Ƕb GP TmHb2X
LQi2 VB2 Bb i?2 MQBb2 /m2 iQ 2ti2`MH HB;?i i "Q# bB/2-i?2 2[mBpH2Mi MQBb2 Q7 VB2 QM HB+2 bB/2 M22/b iF2 i?2i`MbKBbbBQM T BMiQ ++QmMiX h?mb i?2 iQiH 2t+2bb MQBb2
/m2 iQ i?2 2ti2`MH HB;?i Bb ;Bp2M b,
ξ2ti = 4T2ti(1− T2ti)R/T +R2ηf22ti(1− 2T2ti)2IHQ/T.URNV
q2 MQr bmKK`Bx2 HH i?2b2 MQBb2b /m2 iQ 1p2Ƕb ii+F
BM 6B;X 9X b r2 +M b22- Ny-2ti M/ Vf,ext /m2 iQ 2ti2`MHHb2` BM+`2b2b rBi? I2tiX A7 1p2 mb2b  bi#H2 Hb2` bQm`+2b ?2` 2ti2`MH HB;?i rBi? f2ti = 0.1%- i?2 /QKBMMi MQBb2+QMi`B#miBQM Bb 7`QK Bib b?Qi MQBb2 Ny-2tiX >Qr2p2` B7 1p2mb2b  +QKKQM Hb2` bQm`+2 rBi? f2ti = 2%- i?2 BMi2M@bBiv ~m+imiBQM MQBb2 V7-2ti rBHH iF2 i?2 H2/ M/ BM/m+2KQ`2 /Bbim`#M+2b QM *o@ZE. bB;MHb- r?B+? M22/b iQ
+QMbB/2` BM T`+iB+2X AM Qm` Hi2` MHvbBb- r2 rBHH +QM@
bB/2` f2ti = 0.1% BM 1p2Ƕb ii+FX q2 +M HbQ Q#b2`p2i?i 1p2Ƕb 2ti2`MH HB;?i MQBb2 BM+`2b2b rBi? HB+2 M/
"Q# /BbiM+2 L /m2 iQ i?2 7+iQ` Q7 1/T - b i?2 2ti2`MH
HB;?i Bb BMb2`i2/ i "Q#Ƕb bB/2X PM i?2 Qi?2` ?M/- 1p2Ƕb
2ti2`MH HB;?i HbQ +QMi`B#mi2b  MQM@M2;HB;B#H2 Qzb2i QM
"Q#Ƕb >. QmiTmi bB;MH b /Bb+mbb2/ BM a2+X AAA- r?B+?
Bb mM/2` 1p2Ƕb +QMi`QH i?`Qm;? T2ti M/ I2ti,
D2ti =
√
η/IHQ(1− 2T2ti)I2ti = R
√
ηIHQ(1− 2T2ti).UkyV
LQi2 D2ti Bb MQ`KHBx2/ BM √N0X b D2ti Bb T`QTQ`iBQMHiQ I2ti- Bi K2Mb B7 1p2 rMib KQ`2 BM~m2M+2 7`QK 2ti2`@MH HB;?i QM "Q#Ƕb >.- b?2 M22/b iQ BM+`2b2 ξ2ti r?B+?Kv TQi2MiBHHv HBKBi i?2 TQr2` Q7 i?2 ii+FX AM Q`/2`
iQ +?B2p2  b2+m`Biv #`2+?- 1p2 M22/b iQ T`QT2`Hv b2i
D2ti BM Q`/2` iQ +mb2 H`;2 2MQm;? Qzb2i iQ 7Q`+2 "Q#Ƕb>. rQ`Fb BM i?2 bim`iBQM `2;BQM- r?B+? rBHH ?2HT 1p2
iQ 2z2+iBp2Hv #Bb i?2 MQBb2b ξIR- ξ2ti M/ ξi2+? /m2 iQi?2 ii+FX
6A:X 9X 1t+2bb MQBb2 +QMi`B#miBQMb- 7Q` /Bz2`2Mi #HBM/BM; i@
i+F T`K2i2`b- b  7mM+iBQM Q7 i?2 T?QiQM MmK#2` T2` TmHb2
`iBQ RX aQHB/ +m`p2b biM/ 7Q` i?2 2t+2bb MQBb2 /m2 iQ #HBM/@
BM; Hb2` BMi2MbBiv ~m+imiBQM Ub22 i2tiVX .b?2/ +m`p2 biM/b
7Q` 2t+2bb MQBb2 //2/ #v #HBM/BM; Hb2` b?Qi MQBb2X h?2 mTT2`
/b?2/ /Qii2/ HBM2 biM/b 7Q` i?2 2t+2bb MQBb2 /m2 iQ i?2 A_
ii+F- i?2 HQr2` /b?2/ /Qii2/ HBM2 biM/b 7Q` i?2 i2+?MB+H
2t+2bb MQBb2b- r?B+? `2 BM/2T2M/2Mi Q7 i?2 2ti2`MH #HBM/BM;
Hb2`X
*X HB+2 M/ "Q#Ƕb T`K2i2` 2biBKiBQM mM/2`
1p2Ƕb ii+F
AM Q`/2` iQ /2i2`KBM2 r?2i?2` 1p2 +M ?p2  b2+m`Biv
#`2+? mM/2` i?2 >. #HBM/BM; ii+F- r2 M22/ iQ 2pHm@
i2 i?2 T`K2i2` 2biBKiBQM Q7 HB+2 M/ "Q#, +?MM2H
i`MbKBbbBQM Tˆ M/ 2t+2bb MQBb2 ξˆ- iQ b22 r?2i?2` 1p2 +M
#Bb i?2 2t+2bb MQBb2 /m2 iQ i?2 ii+F bKHH 2MQm;? bm+?
i?i HB+2 M/ "Q# #2HB2p2 i?2v +M biBHH b?`2  b2+`2i
F2vX  b2+m`Biv #`2+? i?mb +Q``2bTQM/b iQ i?2 +QM/BiBQM,
ξˆ < ξMmHH- BM r?B+? ξMmHH Bb i?2 MmHH F2v i?`2b?QH/ +Q``2@bTQM/b iQ i?2 KtBKmK 2t+2bb MQBb2 i?i HHQrb HB+2
M/ "Q# iQ 2ti`+i  b2+`2i F2v mM/2` +QHH2+iBp2 ii+F
KQ/2H(j8) 7Q` ;Bp2M pHm2b Q7 Tˆ M/ VAX ++Q`/BM; iQ i?2biM/`/ T`K2i2` 2biBKiBQM T`Q+2/m`2 Q7 *o@ZE. BM
a2+X AA- r2 +M 2biBKi2 Tˆ M/ ξˆ #b2/ QM 1[bX UkV
M/ UjVX
q2 }`bi +QMbB/2` i?2 +b2 r?2`2 "Q#Ƕb >. HBM2` `M;2
Bb BM}MBi2 U−∞,∞VX AM i?Bb +b2- r2 +M T`2/B+i i?2 K2M
Q7 "Q#Ƕb >. K2bm`2K2Mi ⟨XBi⟩ = D2ti M/ Bib p`BM+2,
VBi =⟨X2Bi⟩ − ⟨XBi⟩2 UkRV
=ηT (VA + ξIR + ξ2ti + ξi2+?) + 1 + vele, UkkV
BM r?B+?- r2 +M /B`2+iHv /2/m+2 i?2 +?MM2H i`MbKBb@
bBQM 2biBKiBQM Q7 HB+2 M/ "Q#, TˆB = T M/ i?2B` 2t@+2bb MQBb2 2biBKiBQM, ξˆB = ξIR + ξi2+? + ξ2tiX Ai Bb Q#@pBQmb i?i HB+2 M/ "Q# +M 2bBHv bTQi 1p2Ƕb ii+F
+iBQM B7 "Q#Ƕb >. rQ`Fb BM HBM2` `2;BQM- b ξˆB >> ξMmHHi Mv /BbiM+2bX >Qr2p2`- B7 "Q# T2`7Q`Kb  `2HBb@
iB+ >. K2bm`2K2Mi rBi?  }MBi2 HBM2` `M;2 (α2, α1)-
Ry
6A:X 8X aBKmHiBQM Q7 i?2 BKT+i Q7 /2i2+iQ` bim`iBQM QM
i?2 [m/`im`2b /Bbi`B#miBQM XB p2`bmb XA- 7Q` irQ b2ibQ7 T`K2i2`bX _2/ U/`F ;`vV, XB >. /2i2+iBQM `M;2
[−20
√
N0, 20
√
N0]- ;`22M UHB;?i ;`vV, XBi >. B/2H HBM2`+b2X h?2 +Q``2bTQM/BM; 2biBKiBQM Q7 Tˆ M/ ξˆ `2 #Qi? ;Bp2M
BM i?2 H2;2M/ 7Q` XB M/ XBi `2bT2+iBp2HvX UV R = 0.11- MQ
b2+m`Biv #`2+? b ξˆ` >> ξMmHHc U#V R = 0.1274- b2+m`Biv #`2+?
b ξˆ` < ξMmHHX 6Q` #Qi? +b2- ξˆB >> ξMmHHX
1p2 +M KMBTmHi2 "Q#Ƕb >. bB;MH biiBbiB+b #v +QM@
i`QHHBM; D2ti i?`Qm;? R r?B+? z2+i "Q#Ƕb >. QmiTmibiiBbiB+b M/ 7m`i?2` #Bb HB+2 M/ "Q#Ƕb T`K2i2` 2b@
iBKiBQMX q2 MQr /2KQMbi`i2 1p2Ƕb +iBQM QM R M/
Bib BKT+i QM HB+2 M/ "Q#Ƕb /i UXA, XBV BM bBKmH@iBQMX b b?QrM BM 6B;X 8 UV M/ U#V - r2 +QMbB/2` 1p2
mb2b R = 0.1 M/ R = 0.1274 `2bT2+iBp2Hv BM ?2` bi`i@
2;v i /BbiM+2 L = 25km - BM r?B+? XA, XBi U;`22MQ` HB;?i ;`vV +Q``2bTQM/ iQ "Q#Ƕb >. HBM;2` `M;2 Bb
BM}MBi2 U−∞,∞V M/ UXA, XBV U`2/ Q` /`F ;`vV +Q`@`2bTQM/ iQ "Q#Ƕb >. Bb HBKBi2/ iQ (α2, α1)X A7 HB+2 M/"Q# T2`7Q`K T`K2i2` 2biBKiBQM #b2/ QM UXA, XBiV-i?2`2 Bb QMHv  /BbTH+2K2Mi D2ti ?b #22M BMi`Q/m+2/QM "Q#Ƕb /i- i?2v +M biBHH MQiB+2 1p2Ƕb ii+F #b2
6A:X eX HB+2 M/ "Q#Ƕb i`MbKBbbBQM 2biBKiBQM p2`bmb /Bb@
iM+2 mM/2` 1p2Ƕb >. #HBM/BM; ii+FX h?2 #H+F /b?2/
+m`p2 UiQT QM2V +Q``2bTQM/b iQ TˆB i?i Bb 2biBKi2/ #v XBiBM i?2 HBM2` +b2 c r?BH2 i?2 Qi?2` HQr2` +m`p2b +Q``2bTQM/
iQ Tˆ` BM i?2 `2HBbiB+ +b2 i?i `2 2biBKi2/ #v XB rBi?
R = 0.1, 0.11, 0.12, 0.13, 0.14 7`QK iQT iQ #QiiQKX
QM TˆB M/ ξˆBX >Qr2p2`- HB+2 M/ "Q# Kv MQi #2 #H2iQ /2i2+i 1p2Ƕb +iBQM #b2/ QM UXA, XBV- b 1p2 +M;`/mHHv BM+`2b2 R BM Q`/2` iQ 7Q`+2 T`ib Q7 "Q#Ƕb
>. bB;MHb bim`i2/ M/ #Bb i?2 2biBKiBQM Tˆ` M/ ξˆ`X.m2 iQ "Q#Ƕb >. bim`iBQM- XB p`BiBQM Bb HBKBi2/ #v"Q#Ƕb mTT2` /2i2+iBQM HBKBi α2 = 20 r?B+? `2bmHib BMbKHH2` p`BM+2 Q7 "Q# +QKT`2/ iQ i?2 QM2 Q7 XBi M/ r2F2` +Qp`BM+2 +Q``2HiBQM #2ir22M HB+2 M/ "Q#-
r?B+? H2/b Tˆ` < TˆBX A7 1p2 +?QQb2b T`QT2`Hv i?2 pHm2 Q7
R- b?2 +M 2p2MimHHv K22i i?2 +QM/BiBQM ξˆ` < ξMmHHX AM6B;X 8UV 1p2Ƕb +?QB+2 Q7 R = 0.1 +M MQi H2/ iQ  b2+m@
`Biv #`2+? b ξˆ` = 2.5813 > ξMmHH = 0.1013 i 25kmX A71p2 F22Tb BM+`2bBM; I2ti- b b?QrM BM 6B;X 8U#V i?2 +?QB+2Q7 R = 0.1274 +Q``2bTQM/b iQ  b2+m`Biv #`2+? +QM/BiBQM
b ξˆ` = 0.0367 < ξMmHHX AM 6B;X 8- biiBbiB+H K2bm`2@K2Mib `2 #b2/ QM N = 107 bBKmHiBQM /i 7Q` HBM2`
>. U;`22M Q` HB;?i ;`vV M/ bim`iBQM >. +b2 U`2/
Q` /`F ;`vVX Ai b?Qrb i?i 1p2Ƕb 2ti2`MH HB;?i TQr2`
M22/b iQ #2 ?B;? 2MQm;? iQ z2+i bm{+B2MiHv "Q#Ƕb /i
/Bbi`B#miBQM BM Q`/2` iQ +?B2p2  b2+m`Biv #`2+?- Qi?@
2`rBb2- HB+2 M/ "Q# +M biBHH /2i2+i i?2 MQBb2 /m2 iQ
1p2Ƕb ii+FX
q2 7m`i?2` MHvx2 1p2Ƕb +?QB+2 Q7 R iQ K22i i?2 +QM@
/BiBQM ξˆ` < ξMmHHX AM i?2 bBKmHiBQM Q7 1p2Ƕb ii+F- r2mb2 i?2 >. KQ/2H BM a2+X AAA  M/ biM/`/ T`K2i2`
2biBKiBQM T`Q+2/m`2 Q7 *o@ZE. BM a2+X AA iQ 2biBKi2
Tˆ` M/ ξˆ` 7Q` HB+2 M/ "Q#X S`iB+mH`Hv- r2 +H+mHi2
Tˆ` M/ ξˆ` #v BM+`2bBM; i?2 pHm2 Q7 I2ti M/ i?mb i?2`iBQ RX AM 6B;X e- r2 b?Qr i?2 BKT+i Q7 R QM Tˆ` Qp2`/BbiM+2 L = 0 ∼ 100kmX b b?QrM BM 6B;X e- 1p2Ƕb 2t@
i2`MH HB;?i `2/m+2 HB+2 M/ "Q#Ƕb +?MM2H i`MbKBbbBQM
Tˆ` b 2tT2+i2/- ?Qr2p2` bm+? `2/m+iBQM rBHH MQi T`2p2Mi
RR
HB+2 M/ "Q# iQ T`Q+22/ iQ F2v ;2M2`iBQMX b HQM;
b ξˆ` < ξMmHH- i?2`2 Bb biBHH  b2+m`Biv #`2+?X hQ BHHmb@i`i2 1p2Ƕb BKT+i QM HB+2 M/ "Q#Ƕb 2biBKiBQM Q7 ξˆ`-r2 +QMiBMmQmbHv BM+`2b2 R M/ /2/m+2 +Q``2bTQM/BM; ξˆ`M/ ξMmHH 7Q`  ;Bp2M b2iiBM; Q7 VA M/ Tˆ`X h?2 `2bmHibQ7 ξˆ` M/ ξMmHH p2`bmb R `2 b?QrM BM 6B;X d 7Q` /Bz2`2Mi/BbiM+2b L = 20, 25, 30, 35, 40km- BM r?B+? 2t+2bb MQBb2
ξˆ` BM >. HBM2` `2;BQM BM+`2b2b rBi? R M/ rBi? /Bb@iM+2 /m2 iQ i?2 7+iQ` Q7 Tˆ`X ++Q`/BM; iQ i?2 T`2pBQmbMHvbBb- 1p2Ƕb MQBb2b +QMbBbi +QMbiMi MQBb2b, 0.1 /m2 iQ
i2+?MB+H BKT2`72+iBQMb M/ 2 /m2 iQ A_ ii+Fc p`B#H2
MQBb2b BM+`2bBM; rBi? R, i?2 b?Qi MQBb2 Q7 i?2 2ti2`MH
Hb2` M/ Bib BMi2MbBiv ~m+imiBQM MQBb2X h?2 iQiH MQBb2
Bb Km+? ?B;?2` i?M i?2 iQH2`#H2 2t+2bb MQBb2 7Q` HB+2
M/ "Q# iQ ;2M2`i2  F2v UξMmHH ∼ 10%N0V M/ i?mb BirBHH `2p2H 1p2Ƕb T`2b2M+2X
>Qr2p2` ξˆ` /2+`2b2 b?`THv r?2M R > 0.12- bBM+2 +Q`@`2bTQM/BM; Qzb2i D2ti Qp2`Tbb i?2 >. /2i2+iBQM HBKBi
α1- bm+? i?i ξˆ` Bb 2z2+iBp2Hv #Bb2/ #v 1p2X b b?QrM BMT`2pBQmb MHvbBb- /m2 iQ >. bim`iBQM- "Q#Ƕb >. p`B@
M+2 M/ ?Bb /iǶb +Qp`BM+2 rBi? HB+2 #Qi? #2+QK2
bKHH2`X >Qr2p2` i?2 BKT+i Q7 >. bim`iBQM QM Bib
p`BM+2 /2;`/iBQM Bb Km+? H`;2` i?M QM i?2 +Qp`B@
M+2- r?B+? `2bmHib BM  [mB+F /`QT Q7 ξˆ`X Hi?Qm;? i?2+m`p2b BM 6B;X dUV b?`THv /2+`2b2b `QmM/ R = 0.12-
2+? pHm2 Q7 ξˆ` QMHv +Q``2bTQM/b iQ QM2 pHm2 Q7 RXb b?QrM BM 6B;X dU#V-  KQ`2 T`2+Bb2 +QMi`QH Q7 R rBHH
?2HT 1p2 iQ KMBTmHi2 ξˆ` iQ M `#Bi``v pHm2 #2ir22M
0 M/ ξMmHHX Ai K2Mb QM+2 1p2 ?b 2MQm;? T`2+BbBQMQM i?2 TQr2` Q7 i?2 2ti2`MH Hb2`- b?2 +M ++m`i2Hv
KMBTmHi2 HB+2 M/ "Q#Ƕb 2t+2bb MQBb2 2biBKiBQM iQ
Mv bKHH pHm2 b?2 /2bB`2bX 6Q` 2tKTH2- ++Q`/BM; iQ
i?2 bBKmHiBQMb-  bm++2bb7mH ii+F Bb TQbbB#H2 rBi? i?2
+?QB+2 Q7 I2ti = RIHQ = 0.1274 × 108 = 1274 × 104 M/
f2tiI2ti = 1274 r?B+? b?Qrb i?i 1p2 M22/b  T`2+BbBQMQ7 104 T?QiQMb M/  bi#BHBiv Q7 103 T?QiQMb H2p2H QM
QM2 2ti2`MH Hb2` TmHb2 BM Q`/2` iQ ++m`i2Hv #Bb i?2
2t+2bb MQBb2 2biBKiBQMX am+? T`2+BbBQM Bb `2HBbiB+ M/
+?B2p#H2 rBi? +m``2Mi i2+?MQHQ;vX
6Q`  ;Bp2M /BbiM+2- 1p2 +M BM T`+iB+2 +?QQb2 
T`QT2` pHm2 Q7 R iQ +?B2p2 ξˆ` < ξMmHH bm+? i?i HB+2M/ "Q# biBHH #2HB2p2 i?2v b?`2  b2+m`2 F2v ++Q`/BM;
iQ i?2B` T`K2i2` 2biBKiBQM M/ T`Q+22/ iQ F2v ;2M@
2`iBQM ?Qr2p2` i?2 ;2M2`i2/ F2vb `2 MQi b2+m`2 i HH
#2+mb2 Q7 1p2Ƕb A_ ii+FX AM T`BM+BTH2- 1p2 +M b2i ξˆ`iQ #2 `#Bi``v +HQb2 iQ x2`Q- r?B+? 7m`i?2` 2M#H2b ?2`
iQ +QMi`QH HB+2 M/ "Q# F2v `i2 ;2M2`iBQMX 6B;m`2 d
Bb  `272`2M+2 7Q` 1p2 iQ T`QT2`Hv b2i i?2 pHm2 Q7 RX
oAX *PlLh1_J1al_1a
AM .o@ZE.- #HBM/BM; ii+F Bb r2HH FMQrM 7Q` #`2FBM;
b2+m`Biv QM p`BQmb T`QiQ+QHb i?`Qm;? +QMi`QHHBM; /Bz2`@
2Mi ivT2b Q7 aS.b bm+? b pHM+?2 T?QiQ/BQ/2 US.V
(e- 3) M/ bmT2`+QM/m+iBM; MMQrB`2 aS. (9e- 9d)X h?Bb
FBM/ Q7 /2i2+iQ` +QMi`QHH2/ ii+F #b2/ QM #`B;?i BHHm@
6A:X dX 1t+2bb MQBb2 2biBKiBQM Q7 HB+2 M/ "Q# p2`bmb T?Q@
iQM MmK#2` `iBQ R- η = 0.55- T2ti = 0.49- f2ti = 0.1%-
vele = 0.01X UV _M; Q7 R, y@yXR9- U#V _M;2 Q7 R, yXRk9@yXRjX h?2 mTT2` }p2 +m`p2b biM/ 7Q` i?2 2t+2bb MQBb2 2biBK@
iBQMb ξˆ` i /Bz2`2Mi /BbiM+2b- i?2 HQr2` irQ +m`p2b biM/ 7Q`i?2 MmHH F2v i?`2b?QH/b ξMmHH i ky kmM/ 9y kmX
KBMiBQM MQr 2ti2M/b iQ *o@ZE. mbBM; >. b b?QrM
BM i?Bb TT2`X AM #Qi? *o M/ .o +b2- 1p2 Bb `2[mB`2/
iQ b2M/  `2HiBp2Hv bi`QM; +HbbB+H HB;?i iQ +iBp2Hv +QM@
i`QH "Q#Ƕb /2i2+iQ`X .m2 iQ bm+? bBKBH`Biv- +QmMi2`K2@
bm`2b ;BMbi #HBM/BM; ii+F BM .o@ZE. `2 i?mb rQ`i?
iQ +QMbB/2` iQ /272i >. #HBM/BM; ii+F BM *o@ZE.X
>2`2 r2 #`B2~v /Bb+mb2b b2p2`H TQbbB#H2 +QmMi2`K2bm`2b
;BMbi >. #HBM/BM; ii+F BM *o@ZE. M/ +QKT`2
i?2K rBi? i?2 QM2b BM .o@ZE.X
AM i?2 }`bi TT`Q+?-  bi`B;?i 7Q`r`/ +QmMi2`K2@
bm`2 Bb iQ KQMBiQ` i?2 HB;?i BMi2MbBiv i?i Bb ;QBM; BMiQ
bB;MH TQ`i Q7 >.X "Q# +M BKTH2K2Mi bm+? +QmMi2`K2@
bm`2 mbBM;  b2MbBiBp2 T@B@M T?QiQ/BQ/2- BM Q`/2` iQ /2@
i2+i Mv bi`QM; HB;?i BKTBM;BM; QM i?2 bB;MH TQ`iX am+?
K2i?Q/ +M #2 HbQ mb2/ 7Q` 2M2`;v i2bi i?i Bb `2[mB`2/
BM bQK2 b2+m`Biv T`QQ7b (jd)X Ai Bb ?Qr2p2` +?HH2M;BM;
iQ #mBH/  /2i2+iBQM bvbi2K i?i +M ;Bp2 BM T`+iB+2 i?2
+T#BHBiv iQ /2i2+i HB;?i BM Mv QTiB+H KQ/2 i?i 1p2 v
i`v iQ mb2X AM .o@ZE.- bm+? ri+?/Q; /2i2+iQ`b ?p2
Rk
#22M T`QTQb2/ (N) M/ BKTH2K2Mi2/ (93) iQ /2i2+i #HBM/@
BM; ii+FX >Qr2p2`- Bi ?b #22M b?QrM i?i T`+iB+H
ri+?/Q; Kv MQi Hrvb #2 #H2 iQ `Bb2 i?2 H`K (9N)X
JQ`2Qp2`- 1p2 Kv HbQ mb2 ?B;? TQr2` Hb2` iQ /K;2
i?2 T?QiQ/BQ/2 ri+?/Q; M/ #vTbb i?2 b2+m`Biv H`K
Q7 i?2 ZE. T`QiQ+QH (8y)X
"Q#Ƕb >. +QMbBbib Q7 irQ +HbbB+H T?QiQ/BQ/2b US.bVX
>2M+2- BMbi2/ Q7 K2bm`BM; i?2 /Bz2`2M+2 #2ir22M i?2
irQ T?QiQ+m``2Mib- "Q# Kv HbQ KQMBiQ` QM2- Q` i?2
bmK Q7 i?2 irQ T?QiQ+m``2Mib- 7`QK irQ S.bX h?Bb Kv
#2 ?Qr2p2` +?HH2M;BM; BM T`+iB+2- b Bi rBHH /Bbim`# i?2
>. QmiTmi- M/ b Bi +M #2 /B{+mHi iQ b2i  T`QT2` /Bb@
+`BKBMiBQM H2p2H iQ +Q``2+iHv /2i2+i- ;BMbi #HBM/BM; i@
i+FX AM Qm` T`QTQb2/ #HBM/BM; ii+F bi`i2;v- 1p2 QMHv
M22/ iQ BM+`2b2 i?2 Qp2`HH 2M2`;v #v #Qmi RkWX >2M+2
GP BMi2MbBiv ~m+imiBQMb- /m2 iQ HB+2Ƕb Hb2` bQm`+2 M/
+?MM2H 2MpB`QMK2Mi Kv 2t+22/ i?2 2ti2`MH HB;?iǶb 2M@
2`;v- r?B+? +M H2/ iQ 7Hb2 H`KbX AM //BiBQM- Bi Bb
+m``2MiHv #22M i2+?MB+HHv +?HH2M;BM; iQ /2bB;M  ?B;?
;BM- ?B;? #M/rB/i?- ?B;? 2{+B2M+v- HQr MQBb2 >. BM
T`+iB+2 7Q` *o@ZE. Tm`TQb2bX //BM; 2ti` 2H2+i`QM@
B+b +QKTQM2Mib +M BM+`2b2 i?2 2H2+i`QMB+ MQBb2b M/ `2@
/m+2 >. T2`7Q`KM+2X  bBKBH` TT`Q+? BM .o@ZE.
?b #22M HbQ T`QTQb2/- BM r?B+? "Q# KQMBiQ`b i?2 T?Q@
iQ+m``2Mi 7`QK S. (8R)X lM7Q`imMi2Hv- bm+? K2i?Q/
rb Hi2` T`Qp2M MQi bm{+B2MiHv iQ /2i2+i i?2 #HBM/BM;
ii+F BM KMv T`iB+mH` +b2b (RR)X JQ`2Qp2`- BM //B@
iBQM iQ KQMBiQ`BM; i?2 T?QiQ+m``2Mi 7`QK S.- QM2 Kv
mb2 i?2 bvM+?`QMBxiBQM /2i2+iQ` b M mtBHB`v KQMBiQ`
iQ /2i2+i i?2 #HBM/BM; HB;?i (8k)X
 i?B`/ +QmMi2`K2bm`2 ?b #22M T`QTQb2/ BM i?2
_27X(8j), HB+2 M/ "Q# i2bi i?2 HBM2`Biv #2ir22M i?2
MQBb2 M/ bB;MH K2bm`2K2Mi #v mbBM; M +iBp2 ii2Mm@
iBQM /2pB+2 QM "Q#Ƕb bB/2- BX2X M KTHBim/2 KQ/mHiQ`X
am+? K2i?Q/ 2tTHQ`2b i?2 HBM2`Biv Q7 >. M/ +M i?mb
BM T`BM+BTH2 T`2p2Mi i?2 >. #HBM/BM; ii+F, i?2 `M@
/QKBxiBQM Q7 bB;MH TQ`iǶb ii2MmiBQM T`2p2Mib 1p2 iQ
T`QT2`Hv b2i i?2 BMi2MbBiv Q7 #HBM/BM; TmHb2bX >Qr2p2`-
 T`+iB+H KTHBim/2 KQ/mHiQ` Bb rp2H2M;i? b2MbBiBp2
r?B+? +M HQQb2 Bib KTHBim/2 2ti2MbBQM r?2M i?2 rp2@
H2M;i? Bb Qmi Q7 i?2 bT2+i`H `M;2X AM //BiBQM- bm+? HBM@
2`Biv i2bi BM+`2b2b i?2 BKTH2K2MiiBQM +QKTH2tBiv M/
/2i2+iQ` HQbb2bX  bBKBH` TT`Q+?- #b2/ QM `M/QK
/2i2+iQ` 2{+B2M+v ?b HbQ #22M T`QTQb2/ BM .o@ZE.
(89)- v2i Bi ?b #22M b?QrM i?i Bi Bb MQi Hrvb 2z2+iBp2
BM  T`+iB+H BKTH2K2MiiBQM (Ry)X
h?2 i?`22 T`2pBQmb TT`Q+?2b `2[mB`2 bQK2 KQ/B}+@
iBQMb iQ i?2 *o@ZE. bvbi2K ?`/r`2- H2/BM; iQ /@
/BiBQMH 2tT2`BK2MiH +QKTH2tBivX q2 bm;;2bi- QM i?2
Qi?2` ?M/- i?i /i TQbi@T`Q+2bbBM; +QK#BM2/ rBi? +H@
B#`i2/ ?QKQ/vM2 /2i2+iBQM- +M #2  bBKTH2 M/ 2{@
+B2Mi rv iQ +QmMi2` i?2 #HBM/BM; ii+FX q2 T`QTQb2
i?2 7QHHQrBM; ;2M2`B+ K2i?Q/, "Q# b2ib b2+m`Biv i?`2b?@
QH/b (S2, S1) BMbB/2 i?2 >. HBKBib (α2, α1)X AM i?2 T`K@2i2` 2biBKiBQM bi;2- HB+2 M/ "Q# +M i?mb 2biBKi2-
7Q` 2+? #HQ+F- i?2 7`+iBQM Q7 i?2 >. K2bm`2K2Mi /i
i?i ?p2 #22M `2+Q`/2/ QmibB/2 Q7 i?2 BMi2`pH (S2, S1)XA7  iQQ H`;2 7`+iBQM Q7 >. K2bm`2K2Mib Bb `2+Q`/2/
#2vQM/ i?2 i?`2b?QH/b- i?2M HB+2 M/ "Q# FMQr i?2 >.
rb MQi rQ`FBM; BM Bib HBM2` `M;2 7Q` bQK2 MQM M2@
;H2+i#H2 7`+iBQM Q7 i?2 [mMimK +QKKmMB+iBQM T?b2-
M/ i?2v /Bb+`/ i?2 #HQ+FX h?Bb TT`Q+? `2HB2b QM i?2
T2`@+HB#`iBQM Q7 >. /2i2+iBQM HBKBib Ui?2 pHm2b Q7 α1M/ α2 r?B+? Bb `2[mB`2/ iQ #2 T2`7Q`K2/ rBi?  ;QQ/ T`2@+BbBQM U+QKT`2/ iQ N0V M/ BM  b72 2MpB`QMK2MiX a2i@iBM; i?2 pHm2 Q7 i?2 +QM}/2M+2 BMi2`pH (S2, S1) M/ i?27`+iBQM Q7 `2D2+i2/ /i i?i +M #2 iQH2`i2/ rBHH `2[mB`2
7m`i?2` rQ`F iFBM; }MBi2@bBx2 2z2+ib BMiQ ++QmMi M/ BM@
+Hm/BM;  +?`+i2`BxiBQM Q7 biiBbiB+H ~m+imiBQMbX
6BMHHv- bBM+2 >. #HBM/BM; ii+F Bb  /2i2+iQ`@#b2/
ii+F- J.A *o@ZE. (88Ĝ8d) +M #2  TQi2MiBH bQHm@
iBQM iQ /272i bm+? ii+FX Hi?Qm;?  T`QQ7@Q7@T`BM+BTH2
/2KQMbi`iBQM Q7 J.A *o@ZE. ?b #22M H`2/v T2`@
7Q`K2/ BM 2tT2`BK2Mi (8d)- i?2`2 Bb biBHH  H`;2 ;T #2@
ir22M T`+iB+H BKTH2K2MiiBQM M/ i?2Q`2iB+H T`QTQbHX
h?2`2 `2 2p2M /2#i2b QM r?2i?2` J.A *o@ZE. +M
#2+QK2 T`+iB+H `2;`/BM; iQ Bib i?2Q`2iB+H T2`7Q`KM+2
HBKBiiBQMb M/ +m``2Mi pBH#H2 i2+?MQHQ;B2b (83- 8N)X
_2+2Mi rQ`Fb BM }MBi2 bBx2 (ey) M/ +QKTQb#H2 (eR) b2@
+m`Biv T`QQ7b Q7 J.A *o@ZE. ?p2 b?QrM bQK2 T`+iB@
+H 72bB#BHBiB2b Q7 bm+? T`QiQ+QH 7`QK i?2Q`2iB+H T2`bT2+@
iBp2bX h?Bb TT2` Kv #2 M //BiBQMH KQiBpiBQM 7Q`
7mim`2 /2p2HQTK2Mi Q7 T`+iB+H J.A BM *o@ZE.- bBK@
BH`Hv iQ i?2 `QH2 THv2/ #v i?2 #HBM/BM; ii+F BM .o@
ZE.- iQ i`B;;2` i?2 #B`i? Q7 J.A ZE. (Rk- Rj) M/ Bib
/2THQvK2Mi (ek)X
h?2b2 +QmMi2`K2bm`2b b?Qr i?i +m``2Mi *o ZE.
BKTH2K2MiiBQMb M22/ bQK2 mT;`/2b BM ?`/r`2 Q` bQ7i@
r`2 iQ /272i i?2 T`QTQb2/ ii+FX Ai Bb 2p2M KQ`2 BK@
TQ`iMi iQ p2`B7v i?2 7mM+iBQMHBiv Q7 i?2b2 +QmMi2`K2@
bm`2b BM T`+iB+2- b i?2v Kv 7BH iQ /272i i?2 ii+Fb
B7 i?2v `2 MQi +Q``2+iHv BKTH2K2Mi2/ b BM i?2 +b2b Q7
.o@ZE. (Ry- RR)X
oAAX *PL*GlaAPL
AM i?Bb TT2`- r2 /2iBH M ii+F bi`i2;v 2tTHQBi@
BM; i?2 ?QKQ/vM2 /2i2+iBQM pmHM2`#BHBiv (k3- kN) i?i
Bb KQ`2Qp2` BKTH2K2Mi#H2 rBi? HQr 2tT2`BK2MiH +QK@
TH2tBivX AMbTB`2/ #v M/ MHQ;Qmb iQ i?2 #HBM/BM; ii+F
BM .o@ZE.- Qm` ii+F HHQrb 1p2 iQ BM~m2M+2 "Q#Ƕb
?QKQ/vM2 /2i2+iBQM `2bTQMb2- #v b2M/BM; 2ti2`MH HB;?iX
q2 /2KQMbi`i2 i?i i?Bb ii+F +M +QMbiBimi2b  TQr@
2`7mH bi`i2;v- i?i +M 7mHHv #`2F i?2 b2+m`Biv Q7 T`+@
iB+H *o@ZE. bvbi2KbX "b2/ QM 2tT2`BK2MiH Q#b2`p@
iBQMb- r2 T`QTQb2 M 2z2+iBp2 KQ/2H iQ ++QmMi 7Q` ?QKQ@
/vM2 /2i2+iBQM BKT2`72+iBQMb M/ mb2 Bi iQ KQ/2H 1p2Ƕb
ii+FX aBKmHiBQM `2bmHib BHHmbi`i2 i?2 72bB#BHBiv Q7 Qm`
T`QTQb2/ ii+F mM/2` `2HBbiB+ 2tT2`BK2MiH +QM/BiBQMbX
*QKT`2/ iQ Qi?2` bB/2 +?MM2H ii+Fb BM *o@ZE. `2@
[mB`BM; +QKTH2t 2tT2`BK2MiH i2+?MB[m2b (kk- kj- k3)- r2
#2HB2p2 Qm` bi`i2;v b?QmH/ #2 bBKTH2 2MQm;? iQ HHQr
2z2+iBp2 2p2b/`QTTBM; /2KQMbi`iBQM QM /2THQv2/ *o@
ZE.X h?Bb ii+F ?2M+2 ?B;?HB;?ib i?2 BKTQ`iM+2 Q7
2tTHQ`BM; i?2 bbmKTiBQMb BM b2+m`Biv T`QQ7b r?2M BK@
Rj
TH2K2MiBM; *o@ZE. T`QiQ+QHb M/ i?2 M2+2bbBiv iQ BK@
TH2K2Mi bmBi#H2 +QmMi2`K2bm`2 iQ 2Mbm`2 i?2 T`+iB+H
b2+m`Biv Q7 *o@ZE. bvbi2KbX
*ELPqG1.:J1Lha
h?Bb rQ`F rb 7mM/2/ #v La1_* Q7 *M/ UT`Q@
;`Kb .Bb+Qp2`v M/ *`vTiQqQ`FbkRV- *6A- J_Aa Q7
PMi`BQ- 6`2M+? LiBQMH _2b2`+? ;2M+v UL_ 1K2`@
;2M+2 T`QD2+i ZmMimK@q.JV- 1m`QT2M *QKKBbbBQM
UJ`B2 aFƈQ/QrbF@*m`B2 AhL T`QD2+i Z*GGV- M/
ZmMimK *QKKmMB+iBQMb >m# i?`Qm;? 1Sa_* lE L@
iBQMH ZmMimK h2+?MQHQ;v S`Q;`KK2X
(R) oX a+`MB- >X "2+?KMM@Sb[mBMm++B- LX CX *2`7-
JX .mȒ2F- LX GɃiF2M?mb- M/ JX S22p- _2pX JQ/X
S?vbX 3R- RjyR UkyyNVX
(k) LX :BbBM- :X _B#Q`/v- qX hBii2H- M/ >X w#BM/2M- _2pX
JQ/X S?vbX d9- R98 UkyykVX
(j) "X ZB- *X@>X 6X 6mM;- >X@EX GQ- M/ sX J- ZmMimK
AM7QX *QKTmiX d- dj UkyydVX
(9) uX w?Q- *X@>X 6X 6mM;- "X ZB- *X *?2M- M/ >X@EX GQ-
S?vbX _2pX  d3- y9kjjj Ukyy3VX
(8) *X qB2+?2`b- GX Gv/2`b2M- *X qBiiKMM- .X 1Hb2`-
CX aF`- *X J`[m`/i- oX JF`Qp- M/ :X G2m+?b-
L2r CX S?vb Rj- yRjy9j UkyRRVX
(e) oX JF`Qp- L2r CX S?vbX RR- ye8yyj UkyyNVX
(d) aX aD22/- SX *?BrQM;F?Qi- CX@SX "Qm`;QBM- hX C2M@
M2r2BM- LX GɃiF2M?mb- M/ oX JF`Qp- S?vbX _2pX
 NR- yekjyR UkyR8VX
(3) GX Gv/2`b2M- *X qB2+?2`b- *X qBiiKMM- .X 1Hb2`-
CX aF`- M/ oX JF`Qp- Li S?QiQM 9- e3e UkyRyVX
(N) AX :2`?`/i- ZX GBm- X GKb@GBM`2b- CX aF`- *X Em`i@
bB272`- M/ oX JF`Qp- Li *QKKmM k- j9N UkyRRVX
(Ry) X >mM;- aX aD22/- SX *?BrQM;F?Qi- JX aQm+``Qb-
JX G2;`û- M/ oX JF`Qp- A111 CX ZmMimK 1H2+i`QMX
8k- R UkyReVX
(RR) GX Gv/2`b2M- *X qB2+?2`b- *X qBiiKMM- .X 1Hb2`-
CX aF`- M/ oX JF`Qp- Li S?QiQM 9- 3yR UkyRyVX
(Rk) >X@EX GQ- JX *m`iv- M/ "X ZB- S?vbX _2pX G2iiX Ry3-
Rjy8yj UkyRkVX
(Rj) aX GX "`mMbi2BM M/ aX SB`M/QH- S?vbX _2pX G2iiX Ry3-
Rjy8yk UkyRkVX
(R9) *X q22/#`QQF- aX SB`M/QH- _X :`+ő@Si`ƦM- LX CX
*2`7- hX *X _HT?- CX >X a?TB`Q- M/ aX GHQv/- _2pX
JQ/X S?vbX 39- ekR UkyRkVX
(R8) CX GQ/2rv+F- JX "HQ+?- _X :`+ő@Si`ƦM- aX 6QbbB2`-
1X E`TQp- 1X .BKMiB- hX .2#mBbb+?2`i- LX CX *2`7-
_X hmHH2@"`Qm`B- aX qX J+Gm;?HBM- M/ SX :`M;B2`-
S?vbX _2pX  de- y9kjy8 UkyydVX
(Re) aX 6QbbB2`- 1X .BKMiB- hX .2#mBbb+?2`i- X oBHHBM;-
_X hmHH2@"`Qm`B- M/ SX :`M;B2`- L2r CX S?vbX RR-
y98ykj UkyyNVX
(Rd) SX CQm;m2i- aX EmMx@C+[m2b- X G2p2``B2`- SX :`M;B2`-
M/ 1X .BKMiB- Li S?QiQM d- jd3 UkyRjVX
(R3) _X EmK`- >X ZBM- M/ _X HHûmK2- L2r CX S?vbX Rd-
y9jykd UkyR8VX
(RN) SX CQm;m2i- aX EmMx@C+[m2b- M/ 1X .BKMiB- S?vbX
_2pX  3d- yekjRj UkyRjVX
(ky) sX@*X J- aX@>X amM- JX@aX CBM;- JX :mB- uX@GX w?Qm-
M/ GX@JX GBM;- S?vbX _2pX  3N- yjkjRy UkyR9VX
(kR) sX@*X J- aX@>X amM- JX@aX CBM;- M/ GX@JX GBM;-
S?vbX _2pX  3d- y8kjyN UkyRjVX
(kk) CX@wX >mM;- *X q22/#`QQF- wX@ZX uBM- aX qM;- >X@qX
GB- qX *?2M- :X@*X :mQ- M/ wX@6X >M- S?vbX _2pX 
3d- yekjkN UkyRjVX
(kj) CX@wX >mM;- aX EmMx@C+[m2b- SX CQm;m2i- *X q22/@
#`QQF- wX@ZX uBM- aX qM;- qX *?2M- :X@*X :mQ- M/
wX@6X >M- S?vbX _2pX  3N- yjkjy9 UkyR9VX
(k9) "X ZB- SX GQm;QpbFB- _X SQQb2`- qX :`B+2- M/ JX "Q@
#`2F- S?vbX _2pX s 8- y9RyyN UkyR8VX
(k8) .X "X aX aQ?- *X "`B7- SX CX *QH2b- LX GɃiF2M?mb- _X JX
*K+?Q- CX l`vK- M/ JX a`Qp`- S?vbX _2pX s 8-
y9RyRy UkyR8VX
(ke) .X >mM;- SX >mM;- .X GBM- *X qM;- M/ :X w2M;-
PTiB+b G2ii2`b- PTiX G2iiX 9y- jeN8 UkyR8VX
(kd) X J`B2 M/ _X HHûmK2- S?vbX _2pX  N8- yRkjRe
UkyRdVX
(k3) >X ZBM- _X EmK`- M/ _X HHûmK2- BM aSA1 a2+m`Biv
Y .272M+2- oQHX 33NN UkyRjV TX dX
(kN) >X ZBM- _X EmK`- M/ _X HHûmK2- S?vbX _2pX  N9-
yRkjk8 UkyReVX
(jy) 6X :`Qbb?Mb M/ SX :`M;B2`- S?vbX _2pX G2iiX 33-
y8dNyk UkyykVX
(jR) 6X :`Qbb?Mb- :X oM bb+?2- CX q2M;2`- _X "`Qm`B- LX CX
*2`7- M/ SX :`M;B2`- Lim`2 9kR- kj3 UkyyjVX
(jk) 1X .BKMiB M/ X G2p2``B2`- 1Mi`QTv Rd- eydk UkyR8VX
(jj) SX CQm;m2i- aX EmMx@C+[m2b- M/ X G2p2``B2`- S?vbX
_2pX  39- yekjRd UkyRRVX
(j9) _X :`+ő@Si`ƦM M/ LX CX *2`7- S?vbX _2pX G2iiX Nd-
RNy8yj UkyyeVX
(j8) JX Lpb+mûb- 6X :`Qbb?Mb- M/ X +őM- S?vbX _2pX
G2iiX Nd- RNy8yk UkyyeVX
(je) X G2p2``B2`- S?vbX _2pX G2iiX RR9- ydy8yR UkyR8VX
(jd) X G2p2``B2`- S?vbX _2pX G2iiX RR3- kyy8yR UkyRdVX
(j3) SX CQm;m2i- aX EmMx@C+[m2b- 1X .BKMiB- M/ X G2p@
2``B2`- S?vbX _2pX  3e- yjkjyN UkyRkVX
(jN) CX GQ/2rv+F- hX .2#mBbb+?2`i- _X :`+ő@Si`ƦM-
_X hmHH2@"`Qm`B- LX CX *2`7- M/ SX :`M;B2`- S?vbX
_2pX G2iiX N3- yjy8yj UkyydVX
(9y) _X EmK`- 1X "``BQb- X J+_2- 1X *B`Mb- 1X >mMi@
BM;iQM- M/ X GpQpbFv- PTiX *QKKmMX k38- 8k8N
UkyRkVX
(9R) uX@JX *?B- "X ZB- qX w?m- GX ZBM- >X@EX GQ- aX@>X uQmM-
X AX GpQpbFv- M/ GX hBM- L2r CX S?vbX Rj- yRjyyj
UkyRRVX
(9k) X _X qBHHBKb- X GX E2HHM2`- sX aX CBM;- M/ SX EX GX
um- 1H2+i`QMX G2ii k3- kk83 URNNkVX
(9j) uX *?B- >B;? aT22/ >QKQ/vM2 .2i2+iQ` 7Q` :mbbBM@
JQ/mHi2/ *Q?2`2Mi@aii2 ZmMimK E2v .Bbi`B#miBQM-
S?X.X i?2bBb- lMBp2`bBiv Q7 hQ`QMiQ UkyyNVX
R9
(99) aX 6QbbB2`- JBb2 2M Q2mp`2 2i ûpHmiBQM /2 /BbTQbBiB7b /2
+`vTiQ;`T?B2 [mMiB[m2 ¨ HQM;m2m` /ǶQM/2 iûHû+QK- S?X.X
i?2bBb UkyyNVX
(98) >X@qX GB- aX qM;- CX@wX >mM;- qX *?2M- wX@ZX uBM-
6X@uX GB- wX w?Qm- .X GBm- uX w?M;- :X@*X :mQ- qX@aX
"Q- M/ wX@6X >M- S?vbX _2pX  39- yekjy3 UkyRRVX
(9e) GX Gv/2`b2M- JX EX F?H;?B- X >X JD2/B- CX aF`-
M/ oX JF`Qp- L2r CX S?vbX Rj- RRjy9k UkyRRVX
(9d) GX Gv/2`b2M- LX CBM- *X qBiiKMM- PX J`Ǡv- CX aF`-
*X J`[m`/i- oX JF`Qp- M/ :X G2m+?b- S?vbX _2pX
 39- yjkjky UkyRRVX
(93) X _X .BtQM- CX 6X .vM2b- JX Gm+K`BMB- "X 6`ƺ?@
HB+?- X qX a?`T2- X SH2rb- qX hK- wX GX umM-
uX hMBxr- >X aiQ- aX ErKm`- JX 6mDBr`-
JX abFB- M/ X CX a?B2H/b- a+BX _2TX d- RNd3 UkyRdVX
(9N) aX aD22/- AX _/+?2MFQ- aX EBb2`- CX@SX "Qm`;QBM-
X STT- GX JQMi- JX G2;`û- M/ oX JF`Qp- S?vbX
_2pX  NR- yjkjke UkyR8VX
(8y) oX JF`Qp- CX@SX "Qm`;QBM- SX *?BrQM;F?Qi-
JX :;Mû- hX C2MM2r2BM- aX EBb2`- _X Eb?vT-
JX G2;`û- *X JBMb?mHH- M/ aX aD22/- S?vbX _2pX  N9-
yjyjyk UkyReVX
(8R) wX GX umM- CX 6X .vM2b- M/ X CX a?B2H/b- Li S?QiQM
9- 3yy UkyRyVX
(8k) aX qM;- qX *?2M- wX@ZX uBM- >X@qX GB- .X@uX >2- uX@>X
GB- wX w?Qm- sX@hX aQM;- 6X@uX GB- .X qM;- >X *?2M- uX@
:X >M- CX@wX >mM;- CX@6X :mQ- SX@GX >Q- JX GB- *X@JX
w?M;- .X GBm- qX@uX GBM;- *X@>X JBQ- SX qm- :X@*X
:mQ- M/ wX@6X >M- PTiX 1tT`2bb kk- kRdjN UkyR9VX
(8j) aX EmMx@C+[m2b M/ SX CQm;m2i- S?vbX _2pX  NR-
ykkjyd UkyR8VX
(89) *X GBK- LX qH2Mi- JX G2;`2- LX :BbBM- M/ >X w#BM/2M-
A111 CX a2HX hQTB+b ZmMimK 1H2+i`QMX kR- R UkyR8VX
(88) wX GB- uX@*X w?M;- 6X sm- sX S2M;- M/ >X :mQ- S?vbX
_2pX  3N- y8kjyR UkyR9VX
(8e) sX@*X J- aX@>X amM- JX@aX CBM;- JX :mB- M/ GX@JX
GBM;- S?vbX _2pX  3N- y9kjj8 UkyR9VX
(8d) aX SB`M/QH- *X PiipBMB- :X aT2/HB2`B- *X q22/#`QQF-
aX GX "`mMbi2BM- aX GHQv/- hX :2?`BM;- *X aX C+Q#b2M-
M/ lX GX M/2`b2M- Li S?QiQM N- jNd UkyR8VX
(83) 6X sm- JX *m`iv- "X ZB- GX ZBM- M/ >X@EX GQ- Li
S?QiQM N- ddk UkyR8VX
(8N) aX SB`M/QH- *X PiipBMB- :X aT2/HB2`B- *X q22/#`QQF-
aX GX "`mMbi2BM- aX GHQv/- hX :2?`BM;- *X aX C+Q#b2M-
M/ lX GX M/2`b2M- Li S?QiQM N- ddj UkyR8VX
(ey) SX STMbibBQm- *X PiipBMB- M/ aX SB`M/QH- S?vbX
_2pX  Ne- y9kjjk UkyRdVX
(eR) *X GmTQ- *X PiipBMB- SX STMbibBQm- M/ aX SB`M@
/QH- S?vbX _2pX  Nd- y8kjkd UkyR3VX
(ek) >X@GX uBM- hX@uX *?2M- wX@qX um- >X GBm- GX@sX uQm-
uX@>X w?Qm- aX@CX *?2M- uX JQ- JX@ZX >mM;- qX@CX
w?M;- >X *?2M- JX CX GB- .X LQHM- 6X w?Qm- sX CBM;-
wX qM;- ZX w?M;- sX@"X qM;- M/ CX@qX SM- S?vbX
_2pX G2iiX RRd- RNy8yR UkyReVX
